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CHAPTER ONE 
GENERAL INTRODUCTION  
The Soybean 
Soybean (Glycine max (L.) Merr.) is one of the most versatile and important crops in the 
world. Not only is it a source of food for humans and animals but is also used industrially 
and most recently as a main feedstock for biofuel (Hill et al., 2006). The United States 
(US) is the leading producer of soybeans globally, producing 83.2 M metric tons in 2011, 
accounting for 33% of total production (Soystats, 2012).  In the US, soybean is the main 
source of edible fats and oils providing 66% of all consumption in 2011. It is also a main 
ingredient in animal feeds as a source of protein and energy. Last year alone, 24.78 M 
metric tons of soybean were used in animal feeds as soybean meal while 1.07 billion 
gallons of biodiesel were produced from the crop (Soystats, 2012). Overall, the 2011 
soybean crop value stood at $35.7 billion, making it second to corn as the most important 
agricultural crops here in the US (NCGA, 2010; Soystats, 2012). 
Unlike most beans, soybeans contain a very high proportion of fatty acids, the major ones 
being linoleic (18:2, 52%), oleic (18:1, 25%), palmitic (16:0, 11%), linolenic (18:3, 8%) 
and stearic (18:0, 4%) acids (Biswas et al., 2006; Fehr, 2007). The presence of a high 
concentration of polyunsaturated fatty acids (PUFA), especially linolenic acid, is 
responsible for auto oxidative instability and off flavor associated with soybean oil 
(Laubli and Bruttel, 1987). Industrially, soybean oil is hydrogenated to reduce the 
proportion of PUFA and improve stability and shelf life but the process also leads to 
formation of trans fats that have an adverse effect on cardiovascular health (An et al., 
1998; Mondal and Lalvani, 2007). To overcome the problems of PUFA and 
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hydrogenation of soybean oil, breeders have over time developed soybean varieties with 
inherently low levels of linolenic acid. Soybean varieties with high oleate and 18:3 levels 
as low as 3% and 1% have been developed and released (Bilyeu et al., 2006; Chappell 
and Bilyeu, 2006; Fehr, 2007). Reduction of palmitic acid content in soybean oil is also 
desirable to decrease the health risks of coronary diseases and breast, colon, and prostate 
cancers associated with the consumption of this fatty acid (Henderson, 1991). As such, 
other specialty soybean varieties with reduced palmitic acid have been developed 
(Stoltzfus et al., 2000; Fehr, 2007). 
Despite the increasing productivity and versatility of soybean in the US, there are a 
number of constraints affecting soybean production including diseases and pests. Some of 
the common pests of soybean include the soybean aphids (Aphis glycines), the soybean 
cyst nematode (Heterodera glycines) and the fungal pathogen Phialophora gregata that 
causes brown stem rot.  
The Soybean Aphid  
The soybean aphid (SBA) was first reported in the US in 2000 (Venette and Ragsdale, 
2004) and since then, it has become one of the major challenges of soybean production in 
the Midwestern States. The proliferation and success of the soybean aphid in North 
America was attributed to its complex life cycle (Ragsdale et al., 2004), abundance of an 
alternative host, the European buckthorn (Rhamnus spp.) (Voegtlin et al., 2004), where it 
over winters only to fly back to soybean in the summer. Yield loss due to SBA has been 
estimated at about 40% (Beckendorf et al., 2008) if left uncontrolled throughout the 
season. Some of the effects leading to yield loss include the SBA feeding directly from 
the phloem resulting in leaf distortion and stunting (Hill et al., 2009b), transmission of 
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virus borne  diseases and promotion of sooty mold growth which interferes with plants’ 
photosynthesis process.  
Until 2010 when the first SBA resistant varieties (Rag1) were made available to farmers 
(Ragsdale et al., 2011a), the most successful method of controlling the soybean aphid had 
been use of insecticide sprays. However, the continued use of insecticides to control the 
soybean aphid is not environmentally friendly and increases the production costs of 
soybean. Therefore, there is need for continued research into other possible control 
measures so as to develop an integrated control package together with plant resistance to 
control the soybean aphid in an eco-friendly and economically efficient way.  
The Soybean Cyst Nematode 
The Soybean cyst nematode (SCN) is the most important parasitic nematode infesting 
soybean, and once a field gets infested, it is very difficult to eradicate. It is a sedentary 
obligate parasite with a lifecycle consisting of four juvenile stages (J1-J4) and an adult 
stage (Niblack, 2005; Klink et al., 2009). The J1 stage occurs inside the egg and once they 
hatch, the J2 nematodes migrate towards the roots of soybean inside which they burrow. 
Once inside, they initiate the formation of a specialized feeding cell called a syncytium, 
which can be a group of up to 200 fused root cells (Jung and Wyss, 1999). Once J3 is 
complete, the males stop feeding and molt into J4, become mature and exit the root into 
the soil. The females however, continue to expand through J3 and J4 and as they mature, 
their posterior ends pierce through the root tissue to the outside, permitting mating with 
the males that are in the soil.  
Some of the symptoms of SCN infestation in soybean fields include suppression of root 
and shoot growth, yellow chlorotic patches within fields, root necrosis, and reduced seed 
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yield. In a study aimed at estimating yield loss in soybean due to different stresses, it was 
reported that SCN causes an estimated $1.5 billion loss annually in the USA alone 
(Wrather and Koenning, 2006). The most economically sound management package for 
SCN involves the use of resistant varieties in a rotation (Concibido et al., 2004; Niblack, 
2005). Rotation includes use of non-host crops such as corn to reduce SCN population 
densities, use of resistant soybean varieties as a means to maximize yields and avoiding 
the use of the same resistant variety in the same field.  
Brown Stem Rot  
Brown stem rot (BSR) caused by the fungus Phialophora gregata (Allington and 
Chamberlain, 1948), is an important vascular disease of soybean in the Midwest. The 
fungus is soil borne causing a disease characterized by discoloration of root and stem 
pith, vascular tissues and interveinal chlorosis, resulting in stunting, leaf deformity, 
premature death of plants and lodging of severely diseased plants. Yield loss associated 
with BSR has been estimated at 38% under favorable conditions (Mengistu and Grau, 
1987; Sills et al., 1991; Bachman et al., 1997). Effective means of controlling the disease 
involves the use of resistant varieties along with good husbandry practices such as proper 
tillage, crop rotation with non-host crops and delayed planting (Adee et al., 1994; Grau et 
al., 1994).  
While it is not uncommon to find SBA, SCN and BSR infesting soybean all at the same 
time in the field, not many studies have been carried out to investigate the interaction of 
these pests. In a laboratory study to determine the effect of SCN on performance of SBA 
(Hong et al., 2010), there was an increase in intrinsic rate of growth of SBA on SCN 
infested plants. In a similar study, the incidence and severity of BSR was increased in 
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soybean when co-infested with SCN (Tabor et al., 2006). In the field, Hong et al., (2011) 
reported that the number of winged SBA was lower on plants in soil with high number of 
SCN eggs but this did not affect overall performance of the aphids in the long run. 
However, in another field study, the performance of SBA was decreased in presence of 
both SCN and BSR, while that of BSR was reduced in SCN susceptible varieties 
(McCarville et al., 2012). These reports show clearly that there is indeed interaction 
between the above and below ground pests but our understanding of this interaction is 
still in its infancy. It is therefore important to design studies that investigate impacts of 
multiple pests on crops as opposed to single infestations, since in a typical field it is rare 
to have single infestations.  
JUSTIFICATION AND SIGNIFICANCE  
Over the course of evolution, plants have acquired a number of mechanisms to defend 
themselves against invasion, ranging from physical barriers to more complex induced 
chemical defenses that can not only work directly against the invading organism but also 
indirectly by attracting other organisms that may feed on the attacker (in the case of 
herbivores), thereby protecting the plant. Key chemical defenses in plants are hormone 
induced; for example, jasmonic acid (JA) (Bari and Jones, 2009) is the major hormone 
inducing effective defenses against insect pests. Initiation of JA-mediated defense in 
plants is facilitated by release of linolenic acid (18:3) from membrane lipids that is then 
acted upon by lipoxygenase enzyme to form the product 13-hydroperoxylinolenic acid 
(13-HPOT) (Howe, 2004). This can then be fed into the hydroperoxide lyase pathway to 
liberate volatile organic compounds (VOCs) (Unsicker et al., 2009) or into the allene 
oxidase synthase pathway with the subsequent release of JA (Botella et al., 1996; 
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Schaller, 2001). JA in turn induces the expression of plant defense genes (Howe et al., 
1996; McConn et al., 1997b; Walling, 2000).  
Despite the elaborate defense system of plants, some specialized herbivorous insects, 
such as aphids that feed on phloem, have means to attempt to defeat the defenses and 
survive on plants where other insects would fail. Some of the mechanisms employed by 
phloem feeders to evade JA-mediated defenses may include antagonism of the hormone 
defense crosstalk (Moran and Thompson, 2001; De Vos et al., 2005a), causing minimal 
damage to plant tissues during feeding site establishment, and plugging of puncture holes 
caused by their probing stylets by use of chemical substances delivered with their saliva 
into the plants (Will et al., 2007a). Over time, the reports of effects of hormone mediated 
defenses against aphids have been variable but a general analysis shows that JA mediated 
defenses deter aphid proliferation while salicylic acid related defenses have no effect or at 
times support aphid performance (Ellis et al., 2002; Thompson and Goggin, 2006; Gao et 
al., 2007b). For instance, Ellis et al. (2002) showed that Arabidopsis cev1 mutants that 
have constitutive jasmonate signaling limited increase in aphid populations compared to 
control plants. Similar results were reported in tomato colonized by the potato aphid 
Macrosiphum euphorbiae (Cooper and Goggin, 2005). On the other hand, the 
development of the silverleaf whitefly (Bemisia tabaci), another phloem feeder, was 
enhanced on cim10 (constitutive expressor of SA) and coi1 (deficient in JA signaling) 
Arabidopsis mutants while on cev1 (constitutive JA expression) and npr1 (deficient SA 
signaling) mutants, silverleaf whitefly development was suppressed (Zarate et al., 2007b).  
Plant green leaf volatiles that are also products of 18:3 metabolism have been implicated 
in suppressing aphid performance (Vancanneyt et al., 2001a).  
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Overall, the existing literature highlights the complexities involved in aphid-plant 
interactions. Although the mechanism through which aphids may regulate hormonal 
crosstalk to their benefit is not well understood, there has been limited research done to 
investigate suppression of plant defenses by aphids. These gaps cloud our understanding 
of the molecular mechanisms involved in susceptible and resistant interactions between 
plants and aphids. Despite the importance of fatty acids in the oxylipin pathway as 
precursors for JA production in plants following attack by pests and pathogens [reviewed 
by (Shah, 2005a)], we are not aware of studies examining the direct role of fatty acids in 
plant-aphid interactions. Both the soybean cyst nematode (Heterodera glycines) and 
fungal pathogen brown stem rot (Phialophora gregata) can co-occur with the SBA. How 
similar the plant response is to these pests is not known. Our objective was therefore to 
characterize fatty acid profile of soybean leaves in response to infestations of SBA. 
Furthermore, we explored this response in soybean leaves when plants were co-infected 
with SCN and BSR so as to discern aphid specific effects from those due to other pests 
and pathogens.   
We expanded our study to include the impact of SBA, SCN and BSR impact on the fatty 
acid composition of soybean seeds of regular and low linolenic acid varieties as well. 
Given the importance of 18:3 in plant defense, the low linolenic acid varieties are likely 
to be compromised in response to insect attacks. In both leaves and seeds, we focused on 
the five major fatty acids (palmitic acid, stearic acid, oleic acid, linoleic acid and linolenic 
acid) that occur in the plant. 
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THESIS ORGANIZATION   
This thesis is written following the journal paper format with a total of five chapters. The 
first chapter (Chapter one) is the introduction that gives a brief background about the 
research and the gap in knowledge that this research aims to cover, emphasizing the fact 
that despite the amount of research carried out to unravel the molecular mechanisms 
underlying aphid-plant interaction, our understanding of the processes involved is still in 
its infancy. It describes the overall justification and significance of the studies.  
Chapter two is the first journal paper entitled “Aphid infestations induce changes in fatty 
acid metabolism in soybean”. This paper focuses on the effects that SBA infestation 
exerts on fatty acid composition in soybean. We report that SBA infestation results in 
reduced proportion of polyunsaturated fatty acids (PUFA) i.e. linoleic (18:2) and linolenic 
(18:3) acids both in the leaves and seed of field-grown soybean with a corresponding 
increase in the proportion of palmitic (16:0) acid. Given the importance of fatty acids, 
specifically PUFA, in plant defense against insects, this paper hypothesizes that the 
effects on fatty acid metabolism may be an attempt by the aphid to highjack the plants’ 
defense system. This paper is a result of collaborative research with the O’Neal laboratory 
in the Iowa State Department of Entomology and the Tylka laboratory in the Department 
of Plant Pathology and Microbiology. Fatty acid and transcription analyses were carried 
out in the laboratory by Charles Kanobe under the supervision of Dr. MacIntosh Gustavo. 
Field experimental design and set up as well as pest performance analyses were carried 
out by Michael McCarville under supervision of Dr. O’Neal Matthew while SCN and 
BSR inoculum and BSR evaluation were provided by the Tylka laboratory.  
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Chapter three is a manuscript entitled “Repression of jasmonic acid dependent defense 
genes by Aphis glycines in Soybean via modulation of foliar fatty acid composition”. It is 
an extension of the results obtained from the previous paper. Since SBA infestation 
resulted in reduction on proportion of PUFA and these fatty acids are key in jasmonic 
acid mediated defense, in this paper we examined the effects of SBA infestation on 
transcription of two JA-mediated wound response genes, PIN2 and GH3. The results 
showed that SBA infestation significantly reduced transcription of the two genes 
compared to the positive and negative controls. Just like the observations with field 
grown soybeans, SBA infestation reduced PUFA proportions in the growth chamber 
grown soybeans, further strengthening the importance of fatty acids in SBA-soybean 
interaction.  
In this paper, PIN2 and GH3 transcriptional analyses, fatty acid analyses were done by 
Charles Kanobe while the time course experiment was set up and managed by Jessica 
Hohenstein under the supervision of Dr. MacIntosh Gustavo. 
The fourth chapter (Chapter four) is a manuscript entitled “Effect of soybean aphids 
(Aphis glycines) on fatty acid composition of soybeans with low seed linolenic acid 
content”. Due to the impacts of saturated fats and trans fats on human health, there has 
been an increasing interest in production of health oils. Being one of the largest sources of 
cooking oil worldwide, soybean has been a main target for modification of its oil 
composition. The main focus has been reduction of saturated fatty acids especially 16:0 
and PUFA especially 18:2 and 18:3 while increasing oleic acid (18:1).  PUFA are the 
major causes of the need for hydrogenation of soybean oil that also results in 
accumulation of trans fats during the process. In this paper, we report that aphid 
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infestation resulted in an increase in 16:0 with a corresponding decrease in 18:2 and 18:3, 
similar to what was observed in the regular 7% seed 18:3 lines. Genotype only affected 
accumulation of 18:2 where the 1% line had more 18:2 compared to the 3% line in the 
leaves. In the seed, there was an increase in stearic acid (18:0) and oleic acid (18:1) with a 
decrease in 18:2. While the lack of effect on 18:3 indicates a stable low linolenic acid 
trait, the variation of 18:2 with SBA infestation shows that FAD2 and FAD6 are potential 
targets of SBA interference with fatty acid desaturation. This paper is also a result of 
collaborative research with the O’Neal laboratory in the Iowa State Department of 
Entomology and the Tylka laboratory in the Department of Plant Pathology and 
Microbiology. Fatty acid and transcription analyses were carried out in the laboratory by 
Charles Kanobe under the supervision of Dr. MacIntosh Gustavo. Field experimental 
design and set up as well as pest performance analyses were carried out by Michael 
McCarville under supervision of Dr. O’Neal Matthew while SCN and BSR inoculum and 
BSR evaluation were provided by the Tylka laboratory.  
The last chapter in the thesis is Chapter five. Here I summarize all the major findings 
presented in the papers of the previous chapters, give general conclusions and possible 
future work that may come from my findings. 
SECONDARY PUBLICATIONS 
Other publications where I made a contribution during the course of my research include 
the following. 
M. T. McCarville, C. Kanobe, G. C. MacIntosh, and M. O’Neal (2011). What is the 
economic threshold of soybean aphids (Hemiptera: Aphididae) in enemy-free 
space?. J. Econ. Entomol. 104(3): 845-852  
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Hillwig MS, Kanobe C, Thornburg RW, Macintosh GC (2011). Identification of S-RNase 
and peroxidase in petunia nectar. J Plant Physiol 168: 734–738 
Rodriguez-Brljevich, C., Kanobe, C., Shanahan, J.F., Robertson, A.E. 2010. Seed 
treatments enhance photosynthesis in maize seedlings by reducing infection with 
Fusarium spp. and consequent disease development in maize. European Journal of 
Plant Pathology. 125:343-347. 
M. T. McCarville
*
, C. Kanobe
*, M. O’Neal, G. C. MacIntosh and G. L. Tylka (2011). 
Measuring the yield and fatty-acid response of soybean cultivars with seed oil low 
in linolenic acid to multiple biotic stresses. Accepted. Journal of Crop Protection. 
http://dx.doi.org/10.1016/j.cropro.2012.05.022 
M. T. McCarville, M. O’Neal, G. L. Tylka, G. C. MacIntosh and C. Kanobe (2012). A 
nematode, fungus, and aphid interact via a shared host plant: implications for 
soybean. Entomologia Experimentalis et Applicata 143:55–66 
LITERATURE REVIEW 
Plant response to herbivore attack: the role of fatty acids 
As a means to minimize incidence and severity of insect attacks, plants have evolved a 
number of mechanisms that range from physical barriers to chemical compounds that are 
induced upon attack. Induced defenses may include compounds such as secondary 
metabolites and toxic proteins that directly affect the insects when ingested or can deter 
feeding (Mello and Silva-Filho, 2002; Degenhardt, 2009) and indirect defenses that may 
involve release of volatile chemical compounds that in turn attract natural enemies of the 
invader (Turlings et al., 1990; Turlings and Ton, 2006; Degenhardt, 2009). The inducible 
defenses can be broadly categorized into those effective against biotrophic pathogens and 
those against herbivores and necrotrophic pathogens (Glazebrook, 2005; Stout et al., 
2006). In either case, regulation of induction relies mainly on plant hormones that also 
play major roles in plant growth and development in addition to response to stress 
(Balmer and Mauch-Mani, 2012). The major hormones involved in plant defense include 
salicylic acid (SA), jasmonic acid (JA) and ethylene (ET). Other hormones that may be 
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involved in defense include abscisic acid (ABA), gibberellic acid, auxins, cytokinins and 
brassinosteroids (Loake and Grant, 2007; Robert-Seilaniantz et al., 2011). JA is most 
effective in inducing defense against herbivores and is a 12-carbon cyclopentanone that is 
produced from linolenic acid (18:3) in the octadecanoid pathway (Farmer and Ryan, 
1992; Creelman and Mullet, 1997; Schaller, 2001). The link between fatty acids and JA 
was first proposed by Vick and Zimmerman (1983) leading others to shed light on the 
biosynthesis of the hormone (Liechti and Farmer, 2002; Wasternack, 2007).  
Once plant tissues are damaged by herbivores or mechanically, there is release of 18:3 
from the chloroplast membrane glycerolipids through the action of type A phospholipases 
(Ishiguro et al., 2001; Hyun et al., 2008). 18:3 is then oxidized to 13-hydroperoxy-
9,11,15-octadecanoic acid (13-HPOT) under the catalysis of 13-Lipoxygenase (LOX). 13-
HPOT is then converted into an unstable allene oxide by allene oxide synthase (AOS) that 
is then cyclized to 12-oxophytodienoic acid (9S, 13S-OPDA) by allene oxide cyclase 
(AOC) (Ziegler et al., 2000). OPDA is then reduced in the peroxisomes by OPDA 
reductase, followed by 3 cycles of β-oxidation to yield JA (Vick and Zimmerman, 1983, 
1984). This causes accumulation of JA in herbivore-wounded plants with a resultant 
induction and up-regulation of JA biosynthesis genes and plant defense proteins (Vick 
and Zimmerman, 1984; Smith et al., 2009). After 18:3 is converted to 13-HPOT by LOX, 
it may be diverted from the octadecanoid pathway by hydroperoxide lyase (HPL) to 
produces green leaf volatiles (Matsui et al., 1996; Bate et al., 1998; Unsicker et al., 2009). 
Green leaf volatiles are indirect inducible defense chemicals that have been reported to 
deter insect attack in different plant systems (Bernasconi et al., 1998; Laothawornkitkul et 
al., 2008; Wang et al., 2008).  
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The importance of fatty acids in JA-mediated defenses has been further elucidated by the 
use of mutants defective in fatty acid biosynthesis and desaturation. In Arabidopsis, a 
triple mutant (fad3-2 fad7-2 fad8) defective in 18:3 production was reported to be highly 
susceptible to feeding by the larvae of Bradysia impatiens compared to the wild type 
plants that contained normal 18:3 levels. The triple mutant also had almost undetectable 
levels of JA, wounded or not while the wounded controls showed a 20 fold increase in JA 
level (McConn and Browse, 1996). The triple mutant also showed limited or no induction 
of DHS1, PAL1 and AtVSP, genes involved in plant defense and wound response 
(McConn et al., 1997b).  
Hormonal interactions in plant defense against herbivores 
Although specific plant hormones have been associated with response to specific biotic 
stresses (Glazebrook, 2005; Bari and Jones, 2009; Pieterse et al., 2009), there is a very 
high level of interaction between the different pathways. The most characterized 
hormonal crosstalk system in plants is that between SA and JA.  The general hypothesis is 
that the SA signaling pathway is antagonistic to the JA signaling pathway, at least in 
Arabidopsis (Kunkel and Brooks, 2002; Bostock, 2005; Balmer and Mauch-Mani, 2012). 
The Arabidopsis mutant, cep1, is a constitutive expressor of high SA levels and systemic 
acquired resistance while fad is JA-deficient. When these mutants were infested by 
Spodoptera exigua, the growth of the insect was increased by 35% upon application of 
SA while application of JA reduced caterpillar growth by 25% in both mutant and wild 
type Arabidopsis plants (Cipollini et al., 2004). Still in Arabidopsis, the expression of 
PDF1.2 and VSP2 which are JA-responsive, was significantly repressed in a dose 
depended manner upon exogenous application of SA (Schenk et al., 2000). Inoculation of 
Arabidopsis plants with Hyaloperonospora parasitica, a biotrophic pathogen that induces 
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SA defense response, resulted in the suppression of a herbivore induced defense response 
(Koornneef et al., 2008). In field grown tomatoes, application of benzothiadiazole, an SA 
mimic, not only diminished the expression of  polyphenol oxidase, a JA-induced anti-
herbivore associated enzyme, but also antagonized resistance to Spodoptera exigua in the 
affected plants (Thaler et al., 1999). In tobacco, the tobacco mosaic virus (TMV) 
infection is known to result in increased amounts of SA systemically (Preston et al., 
1999). In their study to determine the impact of TMV on expression of JA and nicotine in 
tobacco, Preston et al. (1999) reported that TMV infected plants had reduced amounts of 
JA and nicotine and were also 2.7 times more susceptible to Manduca sexta larvae.  
Along with the increasing reports of the antagonistic relation between SA and JA has 
been an increase in reports on the molecular mechanisms and factors underlying this 
interaction. A number of factors have been reported in different plant systems as being 
involved in SA-JA crosstalk. The major protein indicated in this interaction is NPR1 
(Non-expressor of Pathogenesis-Related Genes 1) that is a key regulator of the SA 
defense responses in several plants (Dong, 2004; Pieterse and Van Loon, 2004). In 
Arabidopsis, NPR1 is needed for expression of SA responsive genes and hence repression 
of JA responsive genes; but, in presence of ET, NPR1 can be bypassed in the JA 
suppression process (Leon-Reyes et al., 2009; Leon-Reyes et al., 2010). On the other 
hand, in Nicotiana attenuata, NPR1 has been reported to suppress the expression of SA-
dependant defenses when plants are exposed to herbivore attack and this is thought to be 
a means by the plant to prevent the suppression of the effective JA defenses by the 
herbivores that induce SA defenses (Rayapuram and Baldwin, 2007). Other components 
of this interaction include several WRKY transcription factors such as WRKY 53, 
WRKY70, WRKY62 (Li et al., 2004; Eulgem and Somssich, 2007; Mao et al., 2007; 
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Miao and Zentgraf, 2007) and mitogen activated protein kinase 4 (MPK4) (Petersen et al., 
2000).  
Insect response to plant defenses 
As plants were evolving and diversifying their defense mechanisms against herbivory, so 
were the insects, evolving mechanisms to overcome or survive in presence of plant 
defenses. One of the mechanisms insects use to overcome some of the plants’ chemical 
arsenal is being able to digest plant toxins. For example, in the study of the interaction 
between the Parsnip webworm (Depressaria pastinacella) and the wild parsnip 
(Pastinaca sativa), it was reported that there was a high level of variation in the 
production of a defensive furanocoumarin among plant phenotypes and insects’ ability to 
metabolize this toxin (Berenbaum and Zangerl, 1998). In another study, the feeding of the 
beetle Phaedon cochleariae on artificial diets infused with oryzacystatin I (OCI) and 
Bowman-Birk inhibitor (BBI) or on oilseed rape leaf discs laced with these inhibitors did 
not affect their growth and survival. A further investigation revealed the presence, in the 
beetle, of digestive enzymes that could break down these inhibitors that would otherwise 
be fatal if ingested by insects (Girard et al., 1998).  
Another attempt to overcome plant defenses by insects involves production of a new set 
of proteinases that are either not affected or are less affected by the plant-derived 
inhibitors. Results obtained from feeding of Heliothis virescens larvae on proteinase 
inhibitor-containing diets revealed that the insects produced new trypsin molecules that, 
upon oligomerization, were less affected by the proteinase inhibitors in their diets (Brito 
et al., 2001). It has also been shown that the black swallowtail (Papilio polyxenes) 
caterpillar is able to survive on toxin-containing host plants through diversification of its 
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cytochrome P450s enzymes that are involved in detoxification, as well as the 
furanocoumarin response regulatory pathway (Scott and Wen, 2001). Similarly, recurrent 
feeding of  Spodoptera frugiperda on soybean derived PIs resulted in larvae adapted to 
the inhibitors by altering the range of proteolytic enzymes in their guts (Paulillo et al., 
2000), while Helicoverpa armigera was able to alter the activities and composition of its 
gut proteinases when fed on different hosts (Patankar et al., 2001), possibly explaining the 
generalist habit. Another mechanism of survival on toxin-rich plant matter is tolerance to 
the toxins. The tobacco hornworm has been reported to be tolerant to tobacco nicotine 
that is otherwise an anti-herbivory compound. This insect accumulates nicotine in its 
body as it feeds and this also helps it to fend off predators that cannot survive in presence 
of nicotine in their diets (de Bruxelles and Roberts, 2001).  
Other plant feeders such as aphids (order Hemiptera) evade plant defenses by minimizing 
the amount of damage inflicted onto plant tissues during feeding. As they establish 
feeding sites, aphids have to puncture through mesophyll cells (Tjallingii and Gabrys, 
1999) and the sieve elements to access the phloem (Will et al., 2007a). To prevent the 
plants’ wound occlusion mechanism that stops phloem contents from leaking into the 
apoplast (Van Bel, 2003), the aphids have components in their saliva that seal the sieve 
element wounds around the stylet sheath to enable continued feeding from the site (Will 
et al., 2007a). The aphid saliva components that aid in sealing the sieve tube elements 
upon entry of the stylet could be used by the insect to repair the other cells damaged 
during feeding site selection and therefore minimize the amount of wound stress imposed 
on the plants as well as their ability to initiate an effective wound response. Another 
compound, glucose oxidase, was reported as a component of the saliva of Helicoverpa 
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zea that was responsible for overcoming induced defenses in tobacco (Musser et al., 
2002; Peiffer and Felton, 2005). 
Phloem-feeding insects have also been reported to exploit the defense pathway crosstalk 
to defeat plant defenses (Ellis et al., 2002; Cooper and Goggin, 2005; Zarate et al., 
2007b). The silverleaf whitefly’s (Bemisia tabaci) development was enhanced on cim10 
(constitutive expressor of SA) and coi1 (deficient in JA signaling) Arabidopsis mutants 
while on cev1 (constitutive JA expression) and npr1 (deficient SA signaling), 
development was repressed (Zarate et al., 2007b). The generalist aphid (Myzus persicae) 
performed better on coi1 and poorly on cev1 mutants compared to the wild type 
Arabidopsis controls (Ellis et al., 2002) while Cooper and Goggin (2005) showed a 25-
45% increase in Macrosiphum euphorbiae juvenile mortality on JA sprayed tomato 
plants. However, a more recent publication by Avila et al. (2012) reported that spr2 
mutant tomato plants with defective FAD7 gene function are more resistant to the potato 
aphid (M. euphorbiae). The mutant plants were deficient in JA synthesis but had elevated 
levels of SA which was believed to be partly responsible for the observed increase in 
resistance to the aphids.  
Overall, while plants are evolving new mechanisms of defending themselves against 
herbivores, the herbivores have not been left behind. Over time, different insect classes 
have acquired or developed means such as tolerance, new enzymes, specialist tendencies 
and induction of decoy defenses as means to survive on the toxin-loaded plant matter. 
However, due to the complexity of these interactions, our understanding of the molecular 
mechanisms behind resistance and susceptibility to herbivory is still just developing. This 
is more so in specialist systems as those found in aphid-plant interactions. Most of the 
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work aimed at dissecting these biological complexities has been carried out in model 
plant species that are not commercial food crops and even then, there are contradictions. 
Therefore there is need for continued research to decipher the different tools that are 
employed by these insects, especially specialized feeders such as aphids to overcome 
plant defenses.  
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CHAPTER TWO 
 
APHID INFESTATION INDUCES CHANGES IN FATTY ACID METABOLISM 
IN SOYBEAN 
Charles Kanobe, Michael T. McCarville, Matthew O’Neal, Gregory L. Tylka, and 
Gustavo C. MacIntosh 
A paper prepared for submission to the Journal of Molecular Plant Pathology 
ABSTRACT 
The soybean aphid (Aphis glycines) is one of the most important pests of soybeans in the 
Northcentral region of the US. It has been hypothesized that aphids avoid effective 
defenses by inhibiting induction of jasmonate-regulated plant defense responses. Given 
the role fatty acids play in jasmonate-induced plant defenses, we analyzed the fatty acid 
profile of soybean leaves and seeds from aphid-infested plants. Results showed that 
aphids reduce the amount of polyunsaturated fatty acids in leaves with a concomitant 
increase in palmitic acid. In seeds, a reduction in polyunsaturated fatty acids was 
associated with an increase in stearic acid and oleic acid. One of the polyunsaturated fatty 
acids, linolenic acid, is the precursor of jasmonate; thus, these changes in fatty acid 
metabolism may be examples of “metabolic hijacking” where one organism takes over 
the metabolism of another, leading to prevention of production of compounds that would 
otherwise be detrimental to the attacker. The pattern of fatty acid changes points to a 
possible interference in fatty acid biosynthesis and desaturation, especially at FAB1, 
leading to an increase in palmitate, and at FAD2 and FAD6, leading to a reduction in 
polyunsaturated fatty acids. However, the regulation does not seem to be transcriptional.  
Key words: Aphis glycines, Polyunsaturated fatty acids, Jasmonic acid, Plant defense 
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BACKGROUND  
Plants deploy biochemical and molecular strategies aimed at deterring feeding by insect 
herbivores. The plant hormones salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) 
coordinate the deployment of biochemical defense against pathogens, insect pests and 
abiotic stresses (Bari and Jones, 2009). SA is mostly involved in defense against 
biotrophs and hemibiotrophs (Grant and Lamb, 2006), while JA and ET activate effective 
defenses against necrotrophs (Zarate et al., 2007a). The response to insect herbivore 
attacks is mostly dependent on JA. Once plant tissues are damaged by chewing insects, a 
series of reactions leading to the release of linolenic acid from intracellular membrane 
lipids of the affected tissues is activated. Linolenic acid is then processed into different 
oxylipins, through the octadecanoid pathway, with the ultimate release of JA (Howe, 
2004). JA then acts as an intracellular signal that regulates expression of defense genes. In 
addition, linolenic acid derivatives generated by the octadecanoid pathway can be 
diverted to produce green leaf volatile compounds that not only signal to other tissues of 
the injured plant or neighboring plants of an impending attack but also attract natural 
enemies of the herbivore (Botella et al., 1996; Zhuang et al., 1996; Arimura et al., 2009).   
Herbivores that feed on phloem, such as members of the insect order Hemiptera 
(including aphids), avoid triggering defense responses related to mechanical damage. 
When initiating a feeding site, aphids puncture through several cell layers and the sieve 
elements to reach the phloem (Will and van Bel, 2006). Plants respond to puncturing of 
the sieve elements by specific occlusion mechanisms involving deposition of callose and 
proteins at the wound site to prevent phloem sap influx into the apoplast (Will and van 
Bel, 2006; Walling, 2008). Components of aphid saliva prevent occlusion and seal the 
sieve element wounds to ensure continued access to phloem (Will et al., 2007b). Salivary 
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secretions are also introduced in punctured mesophyll cells (Tjallingii, 2006) and may 
seal the puncture hole, reducing the release of wounding signals, resulting in the bypass 
of some of the plant defense mechanisms. 
It is hypothesized that phloem feeders like aphids avoid plant defenses by up-regulation 
of SA induced responses, which in turn represses effectual JA-induced responses (Moran 
and Thompson, 2001; De Vos et al., 2005b; Zarate et al., 2007a). Salicylic acid is a major 
component of the response to the phloem-feeding insect Bemisia tabaci. However B. 
tabaci have poor performance on npr1 plants that are deficient in SA signaling, and have 
increased reproduction on coi-1 plants that are deficient in JA signaling (Zarate et al., 
2007a). Similarly, even though JA signaling is not detected in transcriptome profiling 
experiments, the aphid Myzus persicae has increased performance on Arabidopsis coi-1 
mutants (Ellis et al., 2002; Mewis et al., 2005; Mewis et al., 2006), and JA treatments 
slow aphid population growth on Arabidopsis, sorghum and Medicago plants (Zhu-
Salzman et al., 2004; Gao et al., 2007a; Walling, 2008). Ellis et al. (2002) showed that 
Arabidopsis cev1 mutants that have constitutive jasmonate signaling limited increase in 
M. persicae populations compared to control plants, while Cooper and Goggin (2005) 
reported that spraying tomato plants with JA increased juvenile mortality by 25-45% and 
reduced overall longevity of Macrosiphum euphorbiae on susceptible tomato.  These 
reports highlight the ability of aphids to colonize their plant hosts by avoiding induction 
of plant defenses effective against insects.  
The soybean aphid (Aphis glycines) is a significant pest of soybean in North America that 
can reduce yield by up to 40% if left untreated (Ragsdale et al., 2011b). Applications of 
insecticides are recommended when soybean aphid (SBA) populations reach a threshold 
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(250 aphids per plant) to prevent yield loss (Ragsdale et al., 2007).  Although SBA can 
transmit soybean viruses (Hill et al., 2001), most yield loss is from the removal of 
photoassimilates from phloem feeding by large populations of SBA, which results in 
reduced seed set, leaf distortion and stunting (Hill et al., 2009a). Large populations of 
SBA can develop quickly, with populations doubling within as few as 2.7 days (Ragsdale 
et al., 2007). Although a significant amount of work has described the ecology of the 
SBA and the interactions between this insect and soybean plants at the organismal level 
[reviewed by (Ragsdale et al., 2004; Ragsdale et al., 2011b)], few reports have focused on 
the biochemical or molecular effects of SBA feeding on soybean plants.  Li et al. (2008) 
observed a strong SA-dependent response by soybean plants when infested with SBA. 
Interestingly, Zhu and Park (2005) reported that soybean plants produced volatile 
compounds after colonization by SBA, including methyl salycilate, which attracts 
predators of the SBA. Additional evidence suggests that the nutritional quality of plants is 
altered when infested with aphids (Chiozza et al., 2010a). In general aphid growth is 
limited by nitrogen (Dixon, 1998), which is derived from key amino acids in the phloem. 
SBA in particular are responsive to changes in the concentration of amino acids (Myers et 
al., 2005). Interestingly, individual amino acid levels vary between aphid susceptible and 
resistant plants and they are affected by aphid infestation (Chiozza et al., 2010a). To what 
extent SBA affect the quality of the host plant is not clear, however the evidence suggests 
that soybean physiology responds to SBA feeding. 
Despite the importance of fatty acids in the oxylipin pathway as precursors for JA 
production in plants following attack by pests and pathogens [reviewed by (Shah, 
2005b)], there is limited research on the direct role of fatty acids in plant-aphid 
interactions.  
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Due to its economic importance, the soybean-SBA interaction is an attractive model for 
the study of plant-aphid interactions.  Here, our objective was to characterize the effect of 
SBA infestations on the fatty acid composition of soybeans. To determine the specificity 
of those effects, the response to aphids was compared to the plant response to two other 
common pests of soybean, the soybean cyst nematode (Heterodera glycines) and fungal 
pathogen, brown stem rot (Phialophora gregata).  
RESULTS   
Effect of aphid infestation on fatty acid composition of soybean leaves 
 To determine the effects of long term aphid infestation on plant defense responses in 
soybean, a microplot experiment was carried out in 2008 and 2009. This experiment 
analyzed the response of two soybean varieties (DK 27-52 and DK 28-52) to SBA 
infestations in a field environment. There were six different treatments: 1) aphid 
infestation where the population was left to develop without limit (SBA: unlimited); 2) 
aphid infestation where the population was left to grow to 250 aphids per plant and then 
sprayed with insecticide to simulate recommended management practices (SBA:250); 3) 
infestation of soybean plants with the soybean cyst nematode via the soil (SCN); 4) 
infection with brown stem rot fungus via the soil (BSR); 5) a combination of the 
SBA:unlimited, SCN, and BSR treatments (SBA:SCN:BSR); and 6) control, where plants 
were left untreated and free of all pests.  SBA and SCN numbers and BSR severity ratings 
are shown in Table 1.  
Leaves from plants exposed to each treatment were collected near the peak of aphid 
infestation.  Analysis of fatty acid composition of soybean leaves collected over the two 
seasons (2008 and 2009) revealed a significant (P<0.05) treatment effect on the 
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concentration of most fatty acids. However, year or treatment-by-year interaction effects 
were observed in some cases. For the results described below, when a year effect was not 
observed, data for 2008 and 2009 were combined; for those analyses where a significant 
year effect was detected, data for each year are shown. A full description of statistical 
analyses is shown in Supplemental tables 1-4.  
Aphid infestation had a strong effect on the levels of fatty acid of soybean leaves (Figure 
1 and Supplemental Table 1). Uncontrolled SBA infestation (SBA: unlimited) resulted in 
a 2.7 fold increase in the level of palmitic acid in leaves (Figure 1a) compared with the 
level in leaves of control plants. This increase in palmitate was accompanied by a 
significant decrease in the levels of polyunsaturated fatty acids (PUFA) in leaves. Both 
linoleic (Figure 1c) and linolenic (Figure 1d) acid levels were reduced roughly 30% by 
unlimited aphid infestations. A reduction of stearic acid levels was caused by aphid 
infestation only in 2009 (Figure 1b), and significant treatment-by-year interaction 
differences were observed for the control and SBA: 250 treatments. A strong year effect 
was also observed for palmitic acid (Figure 1a and Supplemental Table 2). Independent of 
the treatment, there was significantly more palmitic acid (25.68±1.29) in 2009 than in 
2008 (14.51±1.29; Supplemental Table 2). We also wanted to know if plants that had 
been infested with aphids early in the season and then treated with insecticide, following 
integrated pest management (IPM) recommendations, would still show symptoms of 
aphid infestation at the metabolic level when seeds start developing. For that, plants 
infested with aphids were treated with insecticide when aphid populations reached 250 
aphids per plant (SBA: 250). Fatty acid analyses of leaves collected at the R4 stage (i.e. 
beginning pod fill) showed that this treatment, unlike uncontrolled aphid colonization, 
had no effect on any fatty acid level (Figure 1a-d and Supplemental Table 1).   
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Changes in leaf fatty acid profiles could be an aphid-specific response or part of a general 
defense mechanism against pests. To test these possibilities, we analyzed the fatty acid 
profiles of plants infected with the fungal pathogen brown stem rot (BSR) or soybean cyst 
nematodes (SCN). Neither BSR nor SCN had a significant effect on leaf fatty acids 
(Figures 2a-d). We also analyzed the effect of a multiple pest combination 
(SBA:BSR:SCN) on fatty acids. In 2008, there was a significant increase in palmitic acid 
level in leaves of plants subjected to the three treatment combination compared to the 
control (Figure 2a). Although there was a big numerical difference in the percentage of 
palmitic acid accumulated in SBA:SCN:BSR treatment combination and the control in 
2009, a T-test of the two sample means revealed a lack of significant difference (P=0.06), 
possibly due to the wide variation of the sample values from the mean in the three pest 
treatment combination. Similarly, in the three pest treatments, the amounts of linoleic and 
linolenic acids significantly dropped below the control levels (Figure 2c and d). Since the 
significant differences in fatty acid content occur only when SCN and BSR are in 
combination with SBA, but not when SCN or BSR infect the plant individually, these 
differences seem to be specifically SBA dependent.  
Effect of aphid infestation on fatty acid composition of soybean seeds 
We tested whether aphid infestation would result in changes in fatty acid content of seeds, 
which could have important economic consequences in the case of grain produced from 
specialty soybean varieties. For this, seeds from each treatment were subjected to fatty 
acid analyses after harvest.  Analysis of results showed that over the two seasons (2008 
and 2009), treatments, years and/or treatment-by-year interaction significantly (P<0.05) 
affected accumulation of palmitic, stearic, oleic, linoleic and linolenic acids 
(Supplemental Tables 3-4). The year main effect significantly influenced accumulation of 
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palmitic, stearic, oleic and linolenic acids (Supplemental Table 4). Soybean seeds 
harvested in 2008 had significantly more palmitic acid than those from the 2009 harvest. 
A similar trend was observed in the composition of linolenic acid in the two years 
(Supplemental Table 4). Likewise, results revealed that soybean seeds accumulated more 
stearic acid in 2009 than in 2008, as was also the case for oleic acid (Supplemental Table 
4). Unlimited aphid infestation resulted in a significant decrease in the levels of linoleic 
and linolenic acids in seeds similar to the effect observed in leaves (Figure 3 c-d).  
This decrease in PUFA was accompanied by a significant increase in the levels of oleic 
acid in seeds (Figure 3b). This is in contrast to the increase in palmitate observed in 
leaves (Figure 1). There were also significant treatment-by-year interaction effects on 
stearic acid accumulation in seeds (Figure 3a and Supplemental Tables 3-4). Seeds from 
aphid infested plants accumulated more stearic acid in 2009 than they did in 2008 (Figure 
3a). In addition, unlimited aphid colonization caused a significant increase in the levels of 
stearic acid in seeds compared to control plants only in 2009, although a smaller upward 
trend was also observed in 2008. Seeds from plants subjected to IPM recommended 
control of SBA populations (SBA: 250) did not differ from the controls in the amount of 
any of the fatty acids analyzed (Figure 3 a-d). 
Changes in seed fatty acids are also specific to aphid colonization. Root colonization by 
SCN and BSR had no significant effect on the composition of seed fatty acids (Figure 4). 
The combination of the three pests resulted in a significant decrease in linolenic acid 
content compared to the single infestations and the control (Figure 4d). However, no 
significant effects were observed in linoleic acid or oleic acid levels with the three pest 
combination (Figure 4b-c), although a small change can be observed for these fatty acids 
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that follows the trend for unlimited SBA alone. This result suggests that the presence of 
SCN, BSR or both can reduce the effects of SBA on seed fatty acid composition.  
Correlations between reduction in PUFAs and increase in saturated and 
monounsaturated fatty acids 
Our analysis of fatty acid composition revealed that palmitic acid in the leaves increased 
significantly when the plants were infested with aphids (Figure 1a) while the PUFAs 
(linolenic and linolenic acids) decreased (Figures 1c and d, respectively). PUFA synthesis 
in leaves occurs mainly in the chloroplast, and it could be expected that a block in PUFA 
production in leaves results in accumulation of palmitic acid. On the other hand, we found 
that the decrease in PUFAs in seeds is accompanied by increases in stearic acid and oleic 
acid when unlimited aphids were present on the plants (Figure 3). Seed PUFAs are 
synthesized primarily in microsomes, and it is unclear how aphids feeding on leaves 
could affect this process. As a first step to understand this interaction, we carried out a 
correlation analysis to determine whether changes in either stearic or oleic acid could 
account for changes in seed PUFAs.     
As expected, a correlation of PUFA content versus palmitic acid in the leaves revealed a 
very strong but negative relationship with a correlation coefficient of -0.99 (Figure 5a). 
This gives a coefficient of determination of 98%, which is the percentage of variation in 
palmitic acid that is accounted for by changes in PUFAs. It is therefore highly probable 
that the increase in palmitic acid content following aphid infestation is a result of a 
reduction in the amounts of linoleic and linolenic acids. In seeds, there was a strong 
negative correlation between PUFAs and both stearic acid and oleic acid. Correlation of 
PUFAs with oleic acid was consistently observed each year and showed a coefficient of -
0.88 (Figure 5c), with 77% of the variation in oleic acid accounted for by the variation in 
37 
 
   
 
PUFA. Although the aphid-induced change in stearic acid was only significant in 2009, 
the correlation between stearic acid and PUFAs for combined data for the two years 
showed a coefficient of -0.93 (Figure 5b). Moreover, when data were analyzed separately 
for each year, strong correlations were observed for both years, with coefficients of -
0.849 and -0.966 for 2008 and 2009 respectively (Supplemental Figure 1). These results 
implied that 87% of the variation in stearic acid and 77% of the variation in oleic acid 
could be accounted for by the variation in PUFAs. These coefficients of determination 
indicate a high probability that the increment in stearic and oleic acids content in seeds 
from unlimited aphid infested plants is a result of a decrease in PUFAs.  
A reduction of 18-carbon PUFA accumulation could be due to transcriptional or post-
transcriptional inhibition of the enzymes in charge of desaturation of saturated or mono-
unsaturated fatty acids, or enzymes that elongate 16:0 to 18:0 (see Discussion). To test the 
possibility of transcriptional regulation, we analyzed the dataset of aphid-induced 
transcriptional changes generated by Studham and MacIntosh (2012). Recently, a 
genome-wide analysis of soybean fatty acid desaturases (Chi et al., 2011) determined that 
the soybean genome possesses 41 desaturase genes. Microarray analyses indicated that 
none of the desaturase genes present in the Affymetrix soybean chip were 
transcriptionally regulated by aphid infestation (not shown), in particular no significant 
regulation was observed for any FAD2 or FAD6 genes, which correspond to desaturases 
that transform mono-unsaturated fatty acids to PUFA (Supplemental Table 5). RT-PCR 
analyses confirmed that Glyma03g30070 (FAD2.1) and Glyma02g36460 (FAD6.1), genes 
corresponding to two ω-6 fatty acid desaturases that act in the plastid and microsomal 
fraction respectively, are not down-regulated by aphid infestations (Figure 6).  
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Two 3-ketoacyl-ACP synthase II genes (KAS II), responsible for the elongation step that 
produces 18:0 from 16:0 in the chloroplast, have been described in soybean (Aghoram et 
al., 2006); but it was suggested that other genes corresponding to this enzyme exist in the 
soybean genome (Aghoram et al., 2006; Schmutz et al., 2010). BLAST searches of the 
soybean genome identified 11 genes with homology to 3-ketoacyl-ACP synthase II genes 
(Supplemental Table 6). A phylogenetic analysis of these sequences (Supplemental 
Figure 2) indicated that only three correspond to KAS II genes, while the others 
correspond to 3-ketoacyl-ACP synthase I (KAS I) or mitochondrial ketoacyl-ACP 
synthase (mtKAS).  Microarray analysis indicated that none of the KAS genes present in 
the Affymetrix chip are down-regulated significantly by aphid infestation (Supplemental 
Table 6). RT-PCR for one of the KAS II genes confirmed this result (Figure 6).  
DISCUSSION  
Fatty acids are a group of biomolecules that play important roles in all living organisms. 
They are major components of cellular membranes, where they confer fluidity and 
selective permeability, and they also serve as a source of reserve energy (Heldt and Heldt, 
2005). Free fatty acids are also involved in plant responses to biotic and abiotic stress and 
act as alarm signals during insect attack. Specialized herbivores, such as aphids, have 
been reported to successfully colonize plants by circumventing plant defense signals 
effective against insects (Moran and Thompson, 2001; Ellis et al., 2002; De Vos et al., 
2005b); however, no studies on the effect of aphids on plant fatty acids have been 
reported on to date.  
In this study, we found that aphid infestation results in a significant reduction in the 
amount of PUFAs in the leaves of soybean. The reduction in PUFAs content was unlike 
39 
 
   
 
what would be expected in a typical plant-insect interaction scenario. Tooker and De 
Moraes (2009) reported that a generalist tobacco budworm caterpillar (Heliothis 
virescens) feeding on tall goldenrod, Solidago altissima, caused an increase in the levels 
of linoleic and linolenic acid in damaged leaves compared to the undamaged controls, 
while Conconi et al. (1996) reported increased amounts of linolenic acid in tomato leaves 
following mechanical wounding. Further demonstrating the importance of 
polyunsaturated acids in plant-insect interactions, McConn et al. (1997a) reported that an 
Arabidopsis mutant (fad3-2 fad7-2 fad8) defective in linolenic acid production was highly 
susceptible to the larvae of the fungus gnat  Bradysia impatiens compared to the wild type 
plants that contained normal linolenic acid levels. While wild type Arabidopsis plants 
were largely undamaged by the gnat larvae, the same treatment resulted in up to 80% 
mortality for the triple mutant plants. Wild type plants registered a 20 fold increase in JA 
levels after wounding, however, wounded and unwounded mutant plants had almost 
undetectable levels of the hormone. The linolenic acid and JA deficient mutant was also 
associated with limited or no induction of DHS1, PAL1 and AtVSP, genes involved in 
plant defense and wound response (McConn et al., 1997a). Taken together, these results 
highlight the importance of the interaction between PUFAs, JA and plant defense proteins 
in the plant response to insect attack.  
The role of polyunsaturated fatty acids as precursors of JA and other octadecanoid 
derivatives involved in plant response to herbivory is well established (Wallis and 
Browse, 2002; Chehab et al., 2007). Once plants are damaged mechanically or by 
chewing insects, linolenic acid is released from membrane lipids and fed into the 
octadecanoid pathway, leading to the release of JA and expression of defense genes 
against insect attack (Creelman and Mulpuri, 2002). In addition, linoleic and linolenic 
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acids are also fed to the hydroperoxide lyase (HPL) branch of the oxylipin pathway that 
produces green leaf volatiles, which can have direct and indirect negative effects on 
insects (Bate et al., 1998; Arimura et al., 2009). The need for linolenic acid to feed the 
octadecanoid pathway may explain the increase in linolenic acid levels in plant tissues 
damaged by insects. The reduction in the proportion of unsaturated fatty acids in aphid 
infested soybean plants may indicate that aphids are able to prevent the plant from 
deployment of effective defenses through the octadecanoid pathway. Thus, by limiting 
the amount of precursor that leads to jasmonate, SBA enhances their survival on soybean. 
Also, by reducing the amount of linoleic and linolenic acid available for the HPL 
pathway, the aphids could limit the plants’ ability to produce volatile compounds that 
would not only adversely affect their performance directly (Vancanneyt et al., 2001b) but 
also attract aphid predators and parasitoids (Heil, 2008). Infestation of soybean plants 
with the soybean cyst nematode or brown stem rot fungus did not have any significant 
effects on the composition of fatty acids in leaves or seeds when applied individually, 
indicating the observed changes in fatty acid levels are aphid specific rather than a 
general soybean response to pests. 
These results support the hypothesis that aphids are able to suppress effective defense 
responses. A similar conclusion was achieved in the transcriptome analysis of soybean 
responses to aphid colonization described in the accompanying report (Studham and 
MacIntosh, submitted). Gene expression analyses showed that, in short term interactions 
[1 day post-infestation (dpi)], aphids induce genes associated with JA biosynthesis and 
also JA-responsive genes. However, after longer exposure to aphids (7 dpi), the response 
to JA is completely suppressed even though biosynthetic genes show a 5-fold increase 
with respect to 1 dpi aphid infested plants and 15-fold more than non-infested plants.  Our 
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fatty acid analysis could explain this observation. At 7 dpi, aphids block JA production by 
reducing the levels of precursors of the oxylipin pathway. Compensatory mechanisms that 
sense a deficiency in JA signaling could then increase the expression level of JA 
biosynthetic genes to increase JA production, albeit unsuccessfully.  
It has also been proposed that aphids can alter plant metabolism to increase the plant’s 
nutritional value for the insect (Sandström et al., 2000; Chiozza et al., 2010a). While 
aphid dietary necessity could be a possible cause of increases in palmitic acid, the status 
of fatty acids as essential components in insect diets has only been reported for some 
caterpillars and only for linoleic and linolenic acids (Vanderzant, 1968; Bracken, 1982; 
Tooker and De Moraes, 2009).  
PUFAs are produced in plants through two parallel pathways (Figure 7). After generation 
of palmitate (16:0) in the chloroplast, this FA can be further elongated by KAS II to 
produce stearate (18:0) or directly desaturated to produce 16:1, 16:2 and 16:3 fatty acids. 
Stearate is also desaturated to produce oleate (18:1) in the chloroplast. Oleate is then 
desaturated to produce linoleic (18:2) and linolenic (18:3) acids. Oleate desaturation is 
achieved either through the chloroplast pathway or through a microsomal pathway after 
oleate is transported to the endoplasmic reticulum (ER) (Schmid and Ohlrogge, 2002; 
Hildebrand, 2011). In some plants, including soybean, the main PUFAs are 18:2 and 18:3, 
while 16:2 and 16:3 are mostly absent. These plants are normally referred to as “18:3 
plants” (Schmid and Ohlrogge, 2002). 
How do aphids affect PUFA production? Due to the economic importance of soybean oil, 
the production of seed PUFAs has been well characterized, and the existence of several 
mutants in fatty acid accumulation in seeds could provide some clues on this regulation. 
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In soybean seeds, aphid infestation caused a reduction in the amount of linoleic and 
linolenic acids while stearic and oleic acids increased. Microsomal desaturation is the 
main contributor of PUFAs in the seed while the chloroplast makes mainly PUFA in 
green tissues (Yadav et al., 1993; Bilyeu et al., 2003). Two desaturase activities,  an ω-6 
fatty acid desaturase (also called fatty acid desaturase 2, FAD2) and an ω-3 fatty acid 
desaturase (fatty acid desaturase 3, FAD3), are responsible for the conversion from 18:1 
to 18:2 and 18:2 to 18:3 respectively, in microsomes.  The soybean genome possesses 
several FAD2 and FAD3 genes (Chi et al., 2011); and mutants with altered expression of 
various seed desaturases have been described (Fehr, 2007).  
FAD2 mutants that result in “mid-oleic” seed phenotypes show changes similar to those 
induced by aphids. The mid-oleic soybean line M23 has a mutation in the FAD2-1a gene 
that is expressed in developing embryos (Heppard et al., 1996; Sandhu et al., 2007a). 
M23 seeds show increases in oleic acid and stearic acid content and reduction in the 
levels of linoleic and linolenic acid (Upchurch and Ramirez, 2010). In a smaller scale, the 
same increases in oleic and stearic acids and reduction in the levels of PUFA are observed 
in seeds of aphid infested soybean plants. Thus, based on the effect observed in seeds, we 
propose that aphids affect FAD2 activity, most specificly the product of the FAD2-1a 
gene, and that some activity may remain because the changes in FA composition are less 
dramatic than in the fad2-1a null mutant. 
On the other hand, the main source of leaf PUFA is the chloroplast. Chloroplast 
desaturases have been less well characterized in soybean, but a large amount of research 
has focused on Arabidopsis desaturases. The chloroplast enzymes are structurally similar 
to the microsomal enzymes, and in Arabidopsis are represented by 3 genes: FAD6, an 
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oleate desaturase similar to FAD2, and FAD7 and FAD8, which are linoleate desaturases 
similar to FAD3 (Schmid and Ohlrogge, 2002). Gene homologs to FAD6, FAD7 and 
FAD8 have been found in soybean (Chi et al., 2011). Given the structural similarity of the 
microsomal and chloroplastic fatty acid desaturases, it is possible that any factors that 
would affect accumulation of PUFAs in the leaves or chloroplasts at a biochemical level 
will also affect the microsomal fatty acid accumulation; and following the logic presented 
for the effects observed in seeds, it would be reasonable to propose that aphids affect 
FAD6 activity in leaves, resulting in a reduction of PUFA in these organs. However, 
Arabidopsis fad6 mutants accumulate high levels of oleic acid in leaves in addition to the 
reduction of PUFA (Browse et al., 1989) while soybean aphids trigger accumulation of 
palmitate and decrease of PUFA in soybean leaves. It could be possible that, since 
soybean is an “18:3 plant”, regulation of PUFA synthesis in soybean chloroplast is 
different than that of Arabidopsis, and a reduction of FAD6 activity in soybean could 
result in a negative feedback loop that produces an accumulation of palmitate instead of 
oleate. 
Alternatively, aphids could affect a different step in the production of PUFA. An increase 
in palmitate levels has been observed in soybean lines with mutations in the GmKAS IIA 
gene (Aghoram et al., 2006). However, the increase in palmitate in these cases is 
observed in seeds, and it is accompanied by a decrease in oleic acid levels and increase in 
linoleic acid levels, but not changes in linolenic acid (Erickson et al., 1988). Since we 
identified three KAS II genes in the soybean genome, it is possible that aphids affect a 
different KAS II enzyme than the one previously characterized, and the effects in this 
case could be different. Aphids could also affect the activity of KAS II and FAD2 or 
FAD6 simultaneously, resulting on the effects described here. 
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Our microarray and RT-PCR analyses did not reveal evidence of transcriptional 
regulation of KAS II or desaturase genes. However, there is strong evidence that many 
enzymes involved in fatty acid biosynthesis are regulated at the post-transcriptional level 
(Heppard et al., 1996; Tang et al., 2005; Collados et al., 2006; Upchurch, 2008a; O'Quin 
et al., 2010). In particular, stability of the soybean FAD2-1A protein seems to be 
regulated in response to elevated temperature by a mechanism that depends on the 
activity of the 26S proteasome (Tang et al., 2005). In addition, the activity of soybean 
FAD2-1A and FAD2-1B is strongly inhibited by phosphorylation of an amino acid motif 
that is conserved in other FAD2 enzymes and resembles a CDPK substrate site (Tang et 
al., 2005). In our microarray analysis we found that expression of SPK-4, a protein kinase 
belonging to the CDPK-SnRK superfamily (Yoon et al., 1997; Hrabak et al., 2003), 
increases in susceptible plants after 7 days of aphid colonization (3.5-fold induction, 
P<0.0001, false discovery rate<0.005). Thus, it is possible that aphids regulate PUFA 
accumulation through post-transcriptional mechanisms. This idea could explain the lack 
of transcriptional regulation observed in our analysis. It could also explain the regulation 
of multiple targets simultaneously, if increased transcription of a kinase or other 
regulatory protein can target several enzymes in the fatty acid pathway. 
Our working hypothesis is that aphids affect the levels of PUFAs in soybean by 
interfering with the desaturation of oleic acid to linoleic and linolenic acids in the 
chloroplast and microsome by modulating the activity of FAD2 and FAD6 enzymes, and 
potentially the elongation of 16:0 to 18:0 through regulation of KAS II activity (Figure 7).  
However, other targets cannot be overlooked. For example, palmitic and oleic acids are 
the main FAs that are transported across the plastidic membranes to the ER (Yadav et al., 
1993; Hildebrand, 2011), and regulation of transport could also have an effect on the 
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accumulation of PUFA. Thus, more work is needed to understand this regulation and the 
effect of reduced PUFA on the defense responses of soybean.  
CONCLUSIONS  
In summary, we showed that aphid infestation of soybean plants results in a decreased 
amount of PUFAs both in the leaves and seeds whereas palmitic acid increases in leaves 
and stearic and oleic acids increase in the seed. Soybean cyst nematode and brown stem 
rot infections did not result in changes in FA profiles. We hypothesize that aphids 
interfere with fatty acid biosynthesis and desaturation at any of the points leading to 
synthesis of stearic acid (KAS II) or desaturation of oleic acid to linoleic acid in the 
endoplasmic reticulum and chloroplast (FAD2 and FAD6, respectively). The desaturases 
FAD2 and FAD6 are structurally similar (Chi et al., 2011); hence it is possible that they 
are regulated by similar mechanisms, likely post-transcriptionally. Reduction in PUFAs is 
known to affect jasmonic acid production, and the results described here support the 
hypothesis that aphids are able to block effective defense responses. We are currently 
working to determine the effect of aphids on jasmonic acid biosynthesis and response 
genes, and to identify the targets of aphid regulation in the fatty acid biosynthetic 
pathway.  
MATERIALS AND METHODS 
Experimental set up and design 
The experiment was conducted during 2008 and 2009 at the Iowa State University 
Horticulture Research Station north of Ames, in Story Co. Iowa. A detailed description of 
the field experiment is reported in McCarville et al. (2011). Briefly, soybean was planted 
in 28 by 51 cm micro-plots kept 152 cm apart in six blocks, and each microplot was 
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individually caged. While there was a total of six commercial soybean varieties in the 
experiment, a subset of two varieties [DK 27-52 and DK 28-52 (Monsanto Company, St. 
Louis, MO)] were used in the results presented here. DK 28-52 is susceptible to SCN 
while DK 27-52 is moderately resistant with resistance derived from PI 88788. The two 
varieties have 7% seed linolenic acid content. The treatments included two soybean aphid 
treatments, “SBA: unlimited”, where the aphid population was left to develop to densities 
well exceeding 1,000 plant
-1, and “SBA: 250”, where the population was left to increase 
to 250 aphids plant
-1
 and then sprayed with lambda-cyhalothrin (Warrior with Zeon 
Technology, Syngenta Crop Protection, Greensboro, NC) to simulate the 
recommendations for soybean aphid management (Ragsdale et al., 2007).  In both 
treatments, five aphids were placed on a single plant at the V3 stage [i.e. third trifoliate 
stage (Fehr and Caviness, 1977)].  Once the population on the initial plant reached 50 
aphids, infested leaves containing 50 aphids, were clipped to all other plants in the cage.  
In the third treatment “SCN”, soybean plants were infected with Heterodera glycines 
from eggs suspended in 50 ml of water that were applied over the soybean seed at 
planting.  In the fourth treatment “BSR”, the soil was infested with Cadophora gregata 
by mixing 40 g of BSR-infested sorghum seed into the soil throughout the plot prior to 
planting, and a “SBA:SCN:BSR” treatment, which consisted of the combination of the 
SBA: unlimited, SCN, and BSR treatments.  An estimate of aphid density was taken 
twice a week until populations reached 1,000 on the primary plant in the SBA: unlimited 
treatment, after which aphid densities were estimated once a week until populations 
declined for two consecutive weeks. The density of SCN eggs per 100cc of soil was 
determined at the end of the growing season from a six-core soil sample (19 mm 
diameter, 15-20 cm in length) per plot.  The severity of BSR disease was evaluated at the 
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end of season by splitting stems lengthwise and counting the number of nodes exhibiting 
discolored pith tissue typical of BSR. 
Leaf and seed collection 
Leaf samples were collected six weeks after aphid infestation when aphid populations 
were peaking inside the cages. By this time, the plants were at the R4-R5 growth stage 
and we harvested the youngest fully expanded leaf for fatty acid extraction.  Upon 
harvesting a selected leaf, aphids were wiped off by hand and discarded, and then the leaf 
was wrapped in a piece of aluminum foil, numbered and immediately frozen in liquid 
nitrogen, in the field. After harvesting, the samples were transferred onto dry ice for 
transportation to the laboratory. In the laboratory, the samples were stored at -80°C until 
further processing. A sample of harvested seed from each microplot was collected and 
used for fatty acid analysis.  
Fatty acid extraction and analysis 
Leaf and seed samples were ground using a mortar and pestle in liquid nitrogen prior to 
fatty acid extraction. Fatty acid extraction was based on a general method described by 
Hammond and Fehr (1984) and Hammond (1991b) with a few modifications. Briefly, 200 
mg of ground leaf tissue or seed were weighed into a 10 ml glass tube and lipids extracted 
overnight using 1 ml of hexane. Then 200 µl of the oil-hexane mixture was drawn out of 
the tube into a GC vial. Fatty acid transmethylation was done by addition of 500 µl of 
sodium methoxide into the glass vial and incubation for two hours. 150 µl of water was 
added to the vial to stop the reaction and more hexane was added to the neck of the vial. 
The samples were then run on a GC with flame ionization detection (FID). The GLE-64 
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reference standards were used in the analysis (Nu-Check-Prep Inc. Elysian, MN). 
Individual fatty acid content was then given as a percent of the total fatty acids extracted.  
Identification of soybean fatty acid desaturases and ketoacyl-ACP synthases, and 
gene expression analyses 
Soybean fatty acid desaturases were previously described by Chi et al (2011). Blast 
searches (Altschul et al., 1990) of the fully sequenced soybean genome failed to identify 
additional genes corresponding to this class of proteins. Sequences corresponding to 
ketoacyl-ACP synthases were identified through blastp searches of the soybean genome 
using the three Arabidopsis ketoacyl-ACP synthase proteins as query. To assign each 
soybean protein to the KAS I, KAS II or mtKAS class, a phylogenetic analysis using the 
Neighbor Joining (NJ) method was carried out. The NJ analysis was performed using the 
CLC Viewer software, with 1,000 bootstrap replications. Gene expression data for FAD2, 
FAD6 and ketoacyl-ACP synthase genes was obtained from microarray data from 
Studham and MacIntosh (accompanying manuscript). The microarray output was then 
confirmed with Reverse transcriptase (RT) PCR. To do this, total RNA was extracted 
from soybean leaf samples of SBA: unlimited and control treatments using RNeasy Plant 
Mini Kit (Qiagen). This was followed by cDNA synthesis using iScript™ cDNA 
Synthesis Kit (Biorad-USA) and then RT-PCR using primers specific for individual 
genes. For FAD2, the primers used were CCACCTCCTTCCCAGCCCTC as forward 
primer and ACACCACCCAGGCAAGTCCT as the reverse primer, designed from 
FAD2.1 (Glyma03g30070). The primers for FAD6 were 
TCCGGTGGAAAGTGCGGAGT (forward) and CGTCCTTCCAAACAGGGTGCC 
(reverse) designed from FAD6.1 (Glyma02g36460) while those of KASII were 
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CTAACGGCAGGGAAAAAGGCCTTG (forward) and 
CGTGAGAGTGTCCTACATGCCACA (reverse) designed from KAS II A 
(Glyma15g20030). After the RT_PCR run, the samples were run on a 1% agarose gel in 
1% TBE. For all the RT_PCR reactions, ubiquitin (Glyma20g27950) was used as a 
control gene, using the primers ACGTCGTAACAGATAAAGCGAAGT (forward) and 
AACACAATCAAATCAACATCGT (reverse). 
Statistical analysis 
Data generated were analyzed using analysis of variance (ANOVA) (Genstat, VSN 
international Ltd 2000; PROC GLM; SAS Institute 2001) and the treatment means were 
separated using least significant differences (LSD) at a 5% level of significance. We used 
a simple linear model for statistical analysis as follows; Yij =   +Ti+Pj+(T
*
P)ij+Eij, where, 
Yij is the fatty acid content due to the i
th
 treatment in the j
th
 year;    is the mean; T is the 
main effect due to the i
th
 treatment; P is the main effect due to the j
th
 year; (T
*
P) is the 
interaction effect of the i
th
 treatment with the j
th
 year; and E is the error term due to the i
th
 
treatment in the j
th
 year.  
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TABLES AND FIGURES 
Table 1: Soybean aphid and soybean cyst nematode population densities and brown 
stem rot severity in 2008 and 2009 growing seasons 
 
SBA population density
a
 
(±SE)
b 
SCN population density
c
 
(±SE) 
BSR severity
d
 (±SE) 
SBA:SCN:BSR 
SBA: 
Unl 
SBA:SCN:BSR SCN SBA:SCN:BSR BSR 
2008 2884±288 3983±741 1150±414 717±395 2.76±0.58 3.35±1.70 
2009 3806.2±953 8217±1861 1570±857 2560±1091 2.10±0.32 2.30±0.44 
a
Number of SBA per plant at R3-R4 when leaf tissue samples were taken. 
b
Mean ± standard error of the mean 
c
Eggs per 100 cm
3
 soil at the end of the growing season. 
d
Number of nodes in stem displaying characteristic discoloration of brown stem rot disease.  
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Figure 1: Effect of SBA on fatty acid composition of soybean leaves. Soybean plants were infested with 
the SBA in 2008 and 2009. Leaves were collected from the plants six weeks after SBA infestation and fatty 
acid composition analyzed. Mean fatty acid content is presented as a percent of the total extracted. 
Significant differences were determined based on LS means. There was significantly higher palmitic acid in 
2009 than in 2008. SBA_UNL treatment resulted in significantly higher palmitic acid compared to control 
in both 2008 and 2009. There were no differences between SBA_250 and the control in both years (A). 
Plants accumulated significantly more stearic acid in 2009 than 2008. In 2009, the SBA_UNL treatment 
resulted in significantly lower stearic acid content than the control. There were no differences between 
SBA_250 and control (B). The SBA_UNL treatment resulted in significantly lower linoleic and linolenic 
acid compared to both control while the SBA_250 was similar to control (C and D, respectively).  
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Figure 2: Effect of SCN and BSR alone and in combination with SBA on fatty acid composition of 
soybean leaves. For two seasons (2008 and 2009), soybean plants were challenged with SCN, BSR or the 
two in combination with SBA. At 6 weeks after SBA infestation, leaf samples were picked and fatty acid 
composition analyzed. Mean fatty acid content is presented as a percent of the total extracted. Significant 
differences were determined based on LS means. There was significant treatment by year interaction effects 
on accumulation of palmitic acid with the year 2009 registering more of the fatty acid than 2008. A T-test 
revealed significantly higher palmitic acid in the SBA_SCN_BSR treatment than the control in both years 
while the individual treatments were not different from the control (A). There was significant treatment by 
year interaction on accumulation of stearic acid where the control, SCN and SBA_SCN_BSR treatments 
had more stearic acid in 2009 than in 2008. There were no within year treatment differences in the two 
seasons (B).  While SCN and BSR did not individually affect accumulation of linoleic and linolenic acids, 
having them in combination with SBA resulted in reduced amounts of both fatty acids compared with the 
control (C and D, respectively). 
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Figure 3: Effect of SBA infestation on fatty acid composition of soybean seed. Seeds from soybean 
plants challenged with the soybean aphid were collected at the end of each of two seasons (2008 and 2009). 
Mean fatty acid content is presented as a percent of the total extracted. Significant differences were 
determined based on LS means. Fatty acid analysis of the seeds revealed significant treatment by year 
interaction effect on accumulation of stearic acid where 2009 registered more of the fatty acid than 2008 in 
the SBA_250 and SBA_UNL treatments. T-test revealed that in 2009, there was significantly more stearic 
acid in the SBA_UNL plants compared to the control (A). The SBA treatment also caused a significant 
increase in amount of oleic acid compared to the control while SBA_250 was not different from the control 
(B). While stearic acid and oleic acid increased in soybean seeds, linoleic and linolenic significantly 
reduced in plants from the SBA_UNL treatments (C and D, respectively). The SBA_250 was not different 
from the control. 
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Figure 4: Effect of SCN, BSR and SBA on the fatty acid composition of soybean seed. For two seasons 
(2008 and 2009), soybean plants were challenged with SCN, BSR or the two in combination with SBA. 
Seeds were collected at harvest and fatty acid analysis carried out. Mean fatty acid content is presented as a 
percent of the total extracted. Significant differences were determined based on LS means. Overall there 
was higher accumulation of stearic acid in 2009 than 2008 but none of the differences were statistically 
significant (A). Although there was a slight increase in amount of oleic acid with the treatments compared 
to the control, none of the differences were significantly different (B). For linoleic and linolenic acid 
content, challenging of soybean plants with SBA_SCN _BSR treatment resulted in reduced accumulation of 
the two fatty acids but it was only linolenic acid that accumulated to a tune significantly different from the 
control (C and D, respectively).  
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Figure 5: Correlation of 16:0, 18:0 and 18:1 with PUFA in the leaves and seeds of soybean. There was 
a strong but negative correlation between PUFAs and the three fatty acids. PUFA correlation with 16:0 
resulted in a -0.99 correlation coefficient (A), -0.93 with 18:0 (B) and -0.877 with 18:1 (C).  
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Figure 6: Transcriptional regulation of FAD2, FAD6 and KAS II in soybean leaves with and without 
soybean aphid infestation. There was no consistent expression of the genes between the controls and 
soybean aphid-infested plants for the tested genes. 
 
 
Figure 7: Fatty acid biosynthesis and desaturation scheme in soybean and potential points of SBA 
interference. FAB1, FAD6 and FAD2 are potential points of aphid interference with fatty acid biosynthesis 
and desaturation in soybean infested plants. 
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SUPPLEMENTAL MATERIALS 
Supplemental Table 1: F-probabilities for the effect of SBA, SCN and BSR on fatty 
acid composition of soybean leaves 
Source 
 Fatty acids 
DF 16:0 18:0 18:1 18:2 18:3 
Treatment 5 <0.001 0.61 0.175 <0.001 <0.001 
Year 1 <0.001 <0.001 0.419 0.054 <0.001 
Treatment*Year 5 0.043 0.017 0.056 0.074 0.172 
 
Supplemental Table 2: Mean fatty acid content of soybean leaves by year, 2008 and 
2009 
Years 
Fatty acids 
16:0 18:0 18:1 18:2 18:3 
2008 14.51 5.79 5.17 24.64 49.83
***
 
2009 25.68
***
 7.36
***
 4.78 22.66 39.55 
LSD 3.7 0.42 0.97 2.01 3.53 
*** 
P<0.001 
Means are reported as percent of the total fatty acid extracted while significant differences were determined 
based on LS means 
 
Supplemental Table 3: F-probabilities for the effect of SBA, SCN and BSR on fatty 
aphid composition of soybean seeds 
Source 
 Fatty acids 
DF 16:0 18:0 18:1 18:2 18:3 
Treatment 5 0.935 <0.001 <0.001 0.008 <0.001 
Year 1 0.006 <0.001 <0.001 0.078 <0.001 
Treatment*Year 5 0.993 0.043 0.068 0.522 0.69 
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Supplemental Table 4: Mean fatty acid content of soybean seeds by year, 2008 and 
2009 
Years 
Fatty acids 
16:0 18:0 18:1 18:2 18:3 
2008 10.01** 4.35 20.07 56.53 9.04*** 
2009 9.61 5.03*** 22.39*** 55.87 7.09 
LSD 0.28 0.26 0.4 0.73 0.2 
*** 
P<0.001 
Means are reported as percent of the total fatty acid extracted while significant differences were determined 
based on LS means 
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Supplemental Table 5: Microarray analysis of transcriptional regulation of FAD2 and 
FAD6 in soybean with and without aphids 
Symbol Gene Probe Set 
Fold 
Change P-value Q-value 
FAD2.1 Glyma03g30070.1 <no matching probe sets> - - - 
FAD2.1 Glyma03g30070.2 GmaAffx.90006.1.A1_at 1.23 1.46E-01 2.00E-01 
FAD2.1 Glyma03g30070.2 GmaAffx.93278.1.S1_s_at -1.01 9.49E-01 5.64E-01 
FAD2.3 Glyma10g42470.1 Gma.1839.1.S1_at 1.07 6.18E-01 4.60E-01 
FAD2.3 Glyma10g42470.1 GmaAffx.21087.1.S1_at 1.20 3.02E-01 3.07E-01 
FAD2.4 Glyma19g32940.1 Gma.5046.1.S1_s_at 1.18 3.10E-01 3.11E-01 
FAD2.5 Glyma19g32930.1 <no matching probe sets> - - - 
FAD2.6 Glyma20g24530.5 Gma.1839.2.S1_a_at -1.06 7.15E-01 4.95E-01 
FAD6.1 Glyma02g36460.1 Gma.49.1.S1_at -1.53 1.36E-01 1.91E-01 
FAD6.2 Glyma17g08220.1 <no matching probe sets> - - - 
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Supplemental Table 6: Microarray analysis of transcriptional regulation of KAS II in 
soybean with and without aphids 
Symbol Gene Probe Set 
Fold 
Change P-value Q-value 
KAS Glyma17g05200 Gma.5093.1.S1_at -1.065 6.33E-01 4.66E-01 
KAS Glyma13g17290 Gma.5093.2.S1_a_at -1.013 9.40E-01 5.62E-01 
KAS Glyma13g17290 GmaAffx.87834.1.S1_at 1.004 9.92E-01 5.75E-01 
KAS Glyma15g20030 <no matching probe sets> -   -  - 
KAS Glyma05g25970 <no matching probe sets> -   -  - 
KAS Glyma08g08910 Gma.248.1.S1_s_at 1.071 7.52E-01 5.07E-01 
KAS Glyma08g02850 <no matching probe sets> --  -  - 
KAS Glyma05g36690 GmaAffx.62158.1.A1_at 1.023 8.74E-01 5.45E-01 
KAS Glyma18g10220 <no matching probe sets> -  -  -  
KAS Glyma10g04680 <no matching probe sets> -  -  -  
KAS Glyma13g19010 GmaAffx.24627.1.S1_at 1.093 5.40E-01 4.28E-01 
KAS Glyma10g14690 <no matching probe sets> -  -   - 
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Supplemental Figure 1: Correlation of seed stearic acid content with PUFAs in 2008 and 2009. A 
correlation of seed stearic acid content with PUFAs in 2008 (A) and 2009 (B) revealed a strong and negative 
relationship with coefficients of -0.849 and -0.966, respectively. 
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CHAPTER THREE 
REPRESSION OF JASMONIC ACID DEPENDENT DEFENSES BY APHIS 
GLYCINES VIA MODULATION OF FOLIAR FATTY ACID COMPOSITION 
Charles Kanobe, Jessica Hohenstein and Gustavo MacIntosh 
A paper prepared for submission to PLoS ONE Journal 
ABSTRACT 
The soybean aphid, Aphis glycines, is one of the main soybean pests in the Midwest. Despite 
the progress that has been made in elucidating the molecular mechanisms underlying plant 
defense against herbivory, the interaction between plants and specialized phloem feeders, 
such as aphids, still remains poorly understood. It has been hypothesized that aphids can 
block effective defense responses by blocking jasmonate (JA)-dependent signaling. To test 
this hypothesis, we investigated the effects of soybean aphids on the expression of wound/JA 
induced defenses in soybean. We show that transcription of two JA-regulated genes, PIN2 
and GH3, was significantly repressed in aphid-infested and wounded soybeans when 
compared to wounded but uninfested plants. A similar result was obtained when JA was 
externally applied to aphid-infested soybeans. To gain insights on the mechanism of 
suppression of defenses, we performed an analysis of the fatty acid (FA) composition of 
plants under the same treatments, and found that in the treatments where repression of the 
wounding and JA responses occurred, i.e. aphids and aphid+ wounded, there was an increase 
in the content of 16:0 FA with a corresponding decrease in polyunsaturated FAs (18:2 and 
18:3). A time course experiment revealed that differences in 18:3 content between infested 
and uninfested plants become evident 1 day after infestation but become statistically 
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significant 7 days later. While the role of 16:0 in this interaction is not known, we 
hypothesize that the reduction in 18:3 may block the JA defense response pathway by 
minimizing the amount of precursors available to initiate the biosynthesis of JA. Reduced JA 
biosynthesis could explain the reduced response to wounding observed in aphid-infested 
plants. However, other mechanisms of suppression may still exist, since aphids are also able 
to block JA-responses when JA is exogenously applied. Therefore, we showed the aphids 
avoid induction of JA mediated defenses by multiple mechanisms, one of which involves 
hijacking the plants’ fatty acid metabolism, reducing the production of polyunsaturated fatty 
acids that feed the oxylipin pathway.  
Key words: Jasmonic acid, Aphis glycines, fatty acids, soybean 
INTRODUCTION 
Unlike mobile organisms, plants are unable to escape and avoid their adversaries such as 
insect pests. As a result, they have developed both preformed physical barriers and chemical 
defenses that protect them from invading pests. Major among the chemical defense responses 
is mediated by the hormone jasmonic acid (JA) and its derivatives produced from the 
octadecanoid pathway [1,2]. The defense response triggered through JA signalling has been 
reported to be effective against several insect groups such as Lepidopterans, Coleopterans, 
Thysanopterans, Acari, Dipterans, and Heteropterans [3]. Upon herbivory or mechanical 
damage of plant tissues, there is release of linolenic acid (18:3) from membrane lipids 
through the action of phospholipases [4,5]. This initiates the rapid production of JA that is 
then metabolized into different derivatives, some of which are bioactive while others do not 
seem to be [3,6].  The increase in JA results in up-regulation of JA biosynthesis genes in a 
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positive feedback manner as well as JA responsive genes [7-9]. While mechanical wounding 
and herbivory may generally elicit similar responses from plants, feeding by caterpillars and 
application of oral secretions or regurgitants to wounded plant tissues increased the amount 
of JA in tissues 3 fold relative to those wounded and sprayed with water [10]. These 
secretions and regurgitants are also important in triggering the release of green leaf volatile 
compounds that act as airborne signals to aid attraction of predators and parasitoids of the 
herbivore and their eggs [10,11], repel some pests and also prime nearby plants ahead of an 
impending attack [12-15]. These results clearly show that the plant has the ability to 
distinguish between different attackers and the insect secretions and regurgitants may provide 
cues to plants to tailor defenses to a specific pest. 
The molecular mechanisms involved in JA perception and signaling have been discussed in 
several reviews [16-20]. Briefly, the JA-amino acid conjugate jasmonoyl-isoleucine (JA-Ile) 
is the bio-active molecule of JA that is perceived by the F-box protein CRONATINE-
INSENSTIVE1 (COI1). COI1 interacts with other proteins such as Cullin1, Rbx1  and 
ASK1/ASK2 to form the SCF complex (SCF
COI1
) which triggers protein degradation  by the 
26S proteasome via ubiquitination to initiate the JA defense response [21-23]. The 
JASMONATE ZIM DOMAIN (JAZ) proteins have been identified as the repressors of JA 
signaling and are the gradation targets of SCF
COI1
. The JAZ proteins bind to transcription 
factors such as MYC2 and once the former get ubiquitinated and degraded, the latter is 
released to activate defense responses [24-27]. 
Plant proteinases inhibitors are small proteins that occur most frequently in storage tissues 
but have also been found to be induced in vegetative tissues upon herbivory or attack by 
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pathogens [28,29]. Their role in plant defense was established in the 50’s when it was 
reported that trypsin inhibitors in soybean were toxic to the flour beetle, Tribolium confusum 
[30]. The mode of action of plant proteinase inhibitors not only involves the inhibition of 
action of proteases secreted in insect guts or by microorganisms leading to shortage in amino 
acids available to facilitate growth and development [31] but can also result in over 
production of digestive enzymes resulting in loss of sulfur amino acids [32]. One of the 
major proteinase inhibitors in soybean is the proteinase inhibitor II (PIN2), a serine 
proteinase with both chemotrypsin and trypsin inhibitory activity [33]. It is wound inducible  
[34] and also has plant defense role against herbivores [35,36].  
Despite the presence of these inhibitory compounds in plants, some insects have managed to 
develop means to overcome them. The cysteine proteinase inhibitor Oryzacystatin I (OCI) 
from rice and the serine proteinase inhibitor Bowman-Birk inhibitor (BBI) from soybean 
were reported to retard nymphal growth as well as reproduction of susceptible Macrosiphum 
euphorbiae [37]. However, when the beetle Phaedon cochleariae was fed on artificial diets 
infused with OCI and BBI and on oilseed rape leaf discs laced with the inhibitors, they were 
able to survive and grow. Upon further investigation, it was reported that the beetles had 
digestive enzymes that could break down these inhibitors that would otherwise be fatal if 
ingested by the insects [38]. Results obtained from feeding of Heliothis virescens larvae on 
proteinase inhibitor containing diets revealed that these insects produced new trypsin 
molecules that, upon oligomerization, were less affected by the proteinase inhibitors in their 
diets [39]. Similarly, recurrent feeding of  Spodoptera frugiperda on soybean derived PIs 
caused the larvae to adapt to the inhibitors by altering the range of proteolytic enzymes in 
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their guts [40]; while Helicoverpa armigera was able to alter the activities and composition 
of its gut proteinases when fed on different hosts [41], possibly explaining their generalist 
habit. Other plant feeders such as aphids (order Hemiptera) evade plant defenses by 
minimizing the amount of damage inflicted onto plant tissues during feeding.  
As they establish feeding sites, aphids have to puncture through mesophyll cells [42] and the 
sieve elements to access the phloem [43]. To prevent the plants’ wound occlusion mechanism 
that stops phloem contents from leaking into the apoplast [44], aphids have components in 
their saliva that not only seal the sieve element wounds around the stylet sheath but also aid 
to sequester calcium to making it unavailable to the plant and hence prevent the occlusion 
process [43]. The aphid saliva components that aid in sealing the sieve tube elements upon 
entry of the stylet could be used by the insect to repair the other cells damaged during 
feeding site selection and therefore minimize the amount of wound stress imposed on the 
plants as well their ability to initiate an effective wound response.  
Antagonizing of plant defense pathways-crosstalk has also been hypothesized as a 
mechanism by which insects overcome plant defenses. The major pathways that may be 
exploited in this manner are the salicylic acid (SA) and JA defense pathways as the former is 
antagonistic to the latter, as shown in Arabidopsis [45]. For example, the herbivore induced 
JA response in Arabidopsis was significantly suppressed upon inoculation of plants with 
Hyaloperonospora parasitica, a biotrophic pathogen that induced SA defense response [46]. 
Similarly, the growth of a generalist caterpillar, Spodoptera exigua, was increased by 35% 
upon application of SA, while application of JA reduced the growth by 25% in both mutant 
(cep1 and fad) and wild type Arabidopsis plants [47]. Cep1 is a constitutive expressor of high 
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SA levels and systemic acquired resistance while the fad mutant is JA-deficient. Phloem-
feeding insects have also been reported to exploit the defense pathway cross-talk to beat plant 
defenses [45,48,49]. Development of the silverleaf whitefly (Bemisia tabaci) was enhanced 
on cim10 (constitutive expressor of SA) and coi1 (deficient in JA signaling) Arabidopsis 
mutants while on cev1 (constitutive JA expression) and npr1 (deficient SA signaling), 
development was repressed [48]. The generalist aphid Myzus persicae performed better on 
coi1 and poorly on cev1 mutants compared to the wild type Arabidopsis controls [45]. In 
2005, [49] showed a 25-45% increase in Macrosiphum euphorbiae juvenile mortality on JA 
sprayed tomato plants. However, a January 2012 publication by Avila et al., reported that 
spr2 mutant tomato plants with defective FAD7 gene function are more resistant to the potato 
aphid (M. euphorbiae). The mutant plants were deficient in JA synthesis but had elevated 
levels of SA which was believed to be partly responsible for the observed increase in 
resistance to the aphids. This recent result contradicts previous hypotheses that aphids 
antagonize effective JA responses by increasing the activity of the SA signaling pathway. 
Taken together, these reports show that plant hormonal cross talk is a complex mechanism 
that depends on several factors such as the identity of the invading herbivore, concentrations 
of the respective hormones in the plant system as well as the plant under attack. It also 
underscores the importance of continued investigation into the molecular mechanisms 
underlying plant-insect interaction especially with specialized feeders such as aphids.  
In a previous study (see chapter 2), we showed that soybean aphids (SBA) altered the fatty 
acid metabolic profile of infested plants where the polyunsaturated fatty acids (PUFA) 
(linoleic acid (18:2) and 18:3) were reduced while palmitic acid (16:0) increased. Gene 
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expression analysis revealed that the changes in fatty acid composition were not due to 
transcriptional regulation of potential biosynthetic or desaturation genes. We hypothesized 
that SBA infestation results in suppression of JA mediated defenses. The reduction in PUFA 
under SBA infestation could partly be responsible for suppression of JA defense responses 
by limiting precursors of the JA pathway. This hypothesis of JA suppression by SBA is 
supported by a similar result by [50] who showed that long term exposure of soybean to SBA 
results in suppression of the JA response. Since there was an increase in expression of JA 
biosynthesis genes without a corresponding increase in the JA response, we also hypothesize 
that control of fatty acid metabolism in this system could be posttranscriptional. We therefore 
set out to further investigate whether SBA infestation results in suppression of JA signaling 
by examining the transcription of two JA responsive genes upon mechanical wounding and 
spraying with JA. 
RESULTS  
Expression of JA biosynthesis genes and JAR1, a JA response gene under SBA 
infestation  
We conducted an analysis of previous microarray data generated in the lab [50] to examine 
the effect of aphid infestation on expression of JA biosynthesis and response genes in 
soybean. While the biosynthesis genes were examined together, JAR1 was used to 
investigate the response to JA. Expression of the target genes was monitored at 1 and 7 days 
after infestation (dai) in both susceptible and resistant soybeans. Microarray data analysis 
revealed that at 1 dai, JA biosynthetic genes are induced 3.5 fold with a corresponding up 
regulation (15.7 fold) of JAR1 in the susceptible line (Table 1). While we observed a higher 
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induction of biosynthetic genes (24.8 fold) 7 dai, there was only a very limited induction (0.3 
fold) of the response gene in the susceptible line. Unlike the susceptible variety, we did not 
observe change of neither the biosynthesis genes nor the response genes at either 1 or 7 dai in 
the resistant variety. 
Fatty acid composition of SBA-infested susceptible and resistant soybean  
In this  experiment, we set out to determine the effect of aphid infestation on the fatty acid 
composition in leaves of SD01-76R and LD05-16060 (susceptible and resistant to aphids, 
respectively) soybean under controlled conditions. A previous field experiment using aphid 
susceptible soybean varieties revealed that long term aphid infestation results in increase of 
16:0 with a corresponding decrease in 18:2 and 18:3 fatty acids (see chapter 2). Here, we 
compared resistant to susceptible soybean lines that are genetically related to determine if the 
differences observed in the field under long term infestation could be observed in controlled 
conditions under a short period of infestation (21 days). We observed that aphid infestation 
under these conditions resulted in a significant increase in 16:0 in both susceptible and 
resistant soybean lines. The susceptible and resistant lines had 111% and 24.4%, 
respectively, more 16:0 compared to their respective controls (Figure 1A). On the other hand, 
18:3 was significantly reduced upon aphid infestation but only in the susceptible lines; we 
observed a 29% reduction in the infested soybeans when compared with the control. There 
was no significant difference in 18:3 accumulation between infested and control plants for 
the resistant line (Figure 1C). For 18:2, both the susceptible and resistant soybean lines did 
not show any significant change upon infestation with aphids when compared to the 
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respective controls (Figure 1B). This experiment was repeated with 7 days of infestation and 
the results were similar to those of plants infested for 21 days (data not presented).  
External application of JA has differing effects on resistant and susceptible soybeans 
The lack of expression of the JA-responsive gene JAR1 in susceptible plants seven days after 
infestation, despite the increased expression of the JA biosynthesis genes, could be a result of 
the aphids blocking the plants’ ability to either synthesize or perceive JA. To test whether 
aphids are affected by JA, we tested the impact of externally applied JA on soybean aphids 
performance. The test plants were sprayed with JA 24hrs prior to infestation and data on 
aphid numbers were collected 7 days later. As expected, the susceptible variety supported 
higher aphid numbers compared to the resistant variety. The susceptible control had 60.4% 
more aphids compared to the resistant control while the JA-sprayed susceptible had 72.7% 
more aphids compared to the JA-sprayed resistant variety (Figure 2). Spraying soybean 
plants with JA 24hrs before aphid infestation did not affect the performance of aphids on the 
susceptible variety but it significantly (P<0.001) affected their performance on the resistant 
variety, which had 41.7% less aphids compared to the mock-treated control.  
JA induction of PIN2 and GH3 expression is repressed by aphids in soybean leaves 
The previous experiment suggested that the aphid-infested susceptible plants were insensitive 
to externally supplied JA. Since wounding has been reported to increase accumulation of JA 
and methyl jasmonate (MeJA) which in turn regulates wound-inducible gene expression in 
soybean [51], we tested the effect of aphid colonization on the ability of the plant to 
expressed PIN2 and GH3 in response to wounding. Aphid infestation did not affect 
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transcription of both PIN2 and GH3, as levels were similar to the non-infested and 
unwounded control. While wounding of aphid-infested soybean plants showed an increase in 
transcription of PIN2 and GH3, the induction was significantly lower (P=0.004 and P=0.048, 
respectively) than that induced when non-infested plants were wounded (Figure 3A and 
Figure 3B, respectively). This observation could mean that aphids were blocking JA 
perception resulting in lower response from the JA-dependant wound response genes. A 
block in JA perception was tested by supplying JA externally to aphid infested plants and 
examining transcription of the JA-response genes. When JA was applied to aphid infested 
soybeans, the results were similar to those obtaining by wounding, as the aphid-infested 
samples still resulted in significantly (P<0.05) lower expression of PIN2 compared to the JA-
sprayed non-infested plants (Figure 3C). This implies that presence of aphids on the plants 
decreased the plants’ ability to respond effectively to the wounding and JA cues and hence 
resulted in a failure to fully induce PIN2 transcription. Thus, the repression of PIN2 
expression in wounded aphid-infested plants is due, at least in part, to a block in JA 
perception, since external application of JA did not restore expression levels back to those of 
non-infested sprayed plants.  
Aphids alter FA composition in wounded soybean 
Previously, we showed that aphid infestation altered accumulation of 16:0, 18:2 and 18:3 in 
unwounded susceptible soybean (Figure 1A, B and C; Chapter two). Therefore, we decided 
to examine the fatty acid composition of the wounded aphid-infested plants. The results 
showed that the aphid-induced changes in fatty acid composition occur to the same level in 
wounded and unwounded plants. In both cases there was an increase in 16:0 content with a 
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corresponding decrease in 18:2 and 18:3 (Figure 4A, B and C, respectively). Thus, wounding 
is unable to modify the aphid-induced effect on FA. While the role of 16:0 in this interaction 
is not known, the reduction in 18:2 and 18:3 corresponding with decreased transcription of 
wounding and JA response genes might be caused by an aphid-induced block in the JA 
defense response pathway by minimizing the amount of precursors needed to feed into the 
oxylipin pathway. 
 Changes in FA content of SBA- infested plants over a 7 day period of infestation 
Differences in FA composition had been observed in samples from 21 days (Figure 1) and 6 
weeks (Chapter 2) after aphid infestation. To see the effect of aphids at earlier colonization 
time points, we tested FA changes at 1, 3 and 7 dai.  We found that 16:0 was significantly 
higher in aphid infested plants at all the three time points with the difference increasing over 
time (Figure 5A). For 18:2, although a decrease tendency could be observed over time, there 
was no significant difference in composition between controls and infested plants (Figure 
5B). On the other hand, 18:3 was lower in the aphid infested samples compared to the 
controls at all the time points but this difference was only significant at 7 dai (Figure 5C).  
DISCUSSION 
Under attack by other organisms, plants deploy a diversity of chemical defenses mediated 
majorly by distinct hormone systems. In the case of herbivory, JA has been described as the 
most important [reviewed in [52]]. JA and its derivatives are products of the oxylipin 
pathway and are synthetized from polyunsaturated fatty acids, specifically linolenic acid 
[5,53,54]. While JA-mediated defense may be effective against most plant herbivores, it has 
been hypothesized that phloem feeders are able to overcome this mechanism by minimizing 
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tissue damage during feeding or using decoy signals that repress the effective defenses [55]. 
We previously reported that aphid infestation resulted in alteration of FA composition of 
soybean leaves and seeds (See chapter 2). Given the role of FA in JA-mediated defenses, we 
hypothesized that the observed changes in FA composition would affect the expression of 
JA-mediated defenses under aphid infestation. We therefore examined the transcription of JA 
biosynthesis and response genes under aphid infestation as well as fatty acid composition of 
soybean plants under the same treatments.  
Analysis of previous microarray data showed that there was transcriptional up-regulation of 
JA biosynthesis genes and JAR1, a JA response marker, one day after aphid infestation in 
susceptible soybean. By 7 days, despite an increased induction of JA biosynthesis genes, 
there was no induction of the response gene JAR1. Increased transcription of the JA 
biosynthetic genes followed by a corresponding increase in transcription of the response gene 
implies that JA is being produced and perceived by the plant, thereby turning on the response 
marker. However at 7 dai, since induction of the response marker was not observed, either 
there is no JA production despite the increase in transcription of the biosynthetic genes, or 
the plant is not perceiving JA and hence not turning on JAR1 expression. In their work on 
Arabidopsis infestation with the green peach aphid (Myzus persicae), [56] reported 
accumulation of SA and JA responsive  genes within  72-96 hours after infestation. 
Therefore, the aphids seem to elicit both SA- and JA-dependent defenses as early responses, 
and SA then represses JA defenses as the infestation progresses.  
Analysis of the fatty acid composition of the soybean material  used for the microarray above 
showed that the aphid-infested susceptible soybeans (7 dai) had over twice as much 16:0 as 
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the control, while the aphid-infested resistant soybeans had only 24% more 16:0 than its 
corresponding control. The aphid-infested susceptible lines also had reduced content of 18:3, 
which did not occur in the resistant line.  The reduction on 18:3 content occurred in the same 
plants and treatments where induction of JAR1 failed at 7 dai. It is known that 18:3 is 
precursor to octadecanoid pathway products including JA [57]. Upon application on tomato 
leaves, 18:3 was reported to induce the production of proteinase inhibitors I and II [2]. Also 
in tomato, wounding of leaves to mimic herbivory resulted in increased levels of 18:3 
compared to unwounded leaves [58]. The plants were wounded twice, the second time being 
at 20 hours after the initial wound. In another experiment, a generalist caterpillar (Heliothis 
virescens) feeding on Solidago altissima caused an increase in the levels of 18:2 and 18:3 in 
damaged leaves compared to the undamaged controls [59]. Therefore, a typical plant 
response to herbivory would involve increasing the amount of precursor (s), including 18:3, 
to initiate the JA biosynthetic pathway and lead to production of anti-herbivore biomolecules. 
What we observed in this experiment was probably an attempt by the aphid to block the JA 
mediated defenses by limiting 18:3 levels available for the octadecanoid pathway. These 
hypotheses could explain why at 7 dai there is hardly any induction of JAR1 despite an 
overwhelming increase in transcription of JA biosynthesis genes.  
Since the aphids seemed to be blocking the JA defense response in infested susceptible 
plants, we tried to induce the response by externally applying JA on plants 24hrs ahead of 
infestation and determined the effect this would have on aphid performance. Even then, the 
JA-sprayed susceptible plants supported as many aphids as the unsprayed controls while the 
JA-sprayed resistant plants became more resistant. The results from the susceptible variety 
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differ from what was reported in tomato, where external application of JA induced resistance 
to the tobacco hornworm (Manduca sexta) by lowering caterpillar growth and increasing 
detachment from the sprayed plants [60], and in wheat, where lower numbers of thrips and 
wheat blossom midges, which are also pierce-sucking insects, were reported in JA-sprayed 
susceptible varieties [61]. It is possible that SBA suppresses the induced resistance conferred 
by external JA application in the susceptible variety by blocking JA perception. In the 
resistant variety, we saw a significant reduction in the number of aphids in the sprayed 
plants, similar to what was reported in the studies cited above.  
To examine whether SBA infestation impacting the plants’ ability to produce and respond to 
JA, we wounded SBA-infested plants and assayed for transcription of two JA-mediated 
wound response genes PIN2 and GH3 as proxies for JA production and also externally 
sprayed JA on infested plants to test response to JA. PIN2 encodes a cysteine proteinase 
inhibitor (PI) in soybean that, like many other PIs, is involved in plant defense against insect 
pests [62,63]. On the other hand, soybean GH3 is a gene belonging to a large family of genes 
that include JAR1 [64,65]. Both PIN2 and GH3 accumulate in plant tissues upon mechanical 
or herbivore wounding and are also induced by JA [62,66]. While PIN2 and GH3 were 
induced in all the wounding treatments, the level of induction in the wounded aphid-infested 
plants was significantly lower than in wounded non-infested plants. In addition, the aphid 
only treatment resulted in little to no induction of any of the wound response genes. In all 
cases, the level of induction in the aphid infested unwounded plants did not differ from the 
control indicating that the wound response was not elicited upon aphid infestation or it was 
no longer active 7 dai. In the aphid-infested wounded plants, it was also evident that the 
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aphids repressed the plants’ wound response. This is likely to have over-arching implications 
for plant pest management, as aphid-infested plants will fail to mount a full response upon 
attack by other tissue damaging herbivores.  
Since aphids apparently interfere with the expression of the wound response, we decided to 
analyze the impact of wounding on fatty acid composition of aphid infested plants.  
Wounding this way did not affect any of the fatty acids when compared to the controls. 
However, just like in the previous results, there was an increase in 16:0 with a corresponding 
decrease in 18:2 and 18:3 in all aphid infested plants.  
In this experiment, it is not surprising therefore that reduction in 18:3 corresponded with 
repression in PIN2 and GH3 gene expression in the wounded aphid-infested soybeans. By 
limiting the amount of 18:3 available to feed the oxylipin pathway upon attack, aphids could 
limit the plant’s production of not only JA and the corresponding defense biomolecules but 
also the short chain hydrocarbons of the HPL pathway that would affect aphid performance 
directly [67] and also indirectly [68,69] by attracting predators and parasitoids. These results 
were similar to what we previously reported on aphid-infested unwounded susceptible 
soybean (Chapter two).  
In a time course experiment to track changes in FA content, we examined FA composition 1, 
3 and 7 dai. Previous analyses had been done on 7 and 21 dai samples. From day 1 of 
infestation, there were differences in FA content between the infested and uninfested plants. 
For 18:3, though content was lower in infested samples from day 1, it only became 
significantly lower at 7 dai. In a wounding experiment in tomato, it was reported that free 
18:3 levels increased in wounded plants within 1 hour after wounding and this corresponded 
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with increase in JA [70]. In this experiment, upon aphid infestation, total 18:3 levels instead 
drop over time, most probably as a consequence of time spent by the aphids feeding on the 
plant or number of aphids accumulated on the plant by day 7. This also implies that aphids do 
not elicit a typical wound response while feeding on soybean plants, which is not surprising 
too because plants tend to perceive aphids as intermediate between pathogens and herbivores 
leading to deployment of multiple hormone mediated defenses at the same time [71,72] and 
since these are at times antagonistic, this may play a role in the aphids’ ability to overcome 
effective JA-mediated wound responses.  
In conclusion, we have demonstrated that aphids affect transcription of JA-dependant wound 
response genes in susceptible soybean. The correspondence of 18:3 reduction in susceptible 
plants with repression of expression of JA dependent wound response genes and the 
importance of 18:3 in the oxylipin pathway shows that aphids might be high jacking the JA 
defense pathway by regulating the amount of FA available to go into sustaining the defense 
responses. Since application of external JA to susceptible aphid-infested plants does not 
restore JA-dependent wound response gene expression to same level as in uninfested plants, 
it is clear that aphids can block JA perception.   
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MATERIALS AND METHODS 
Soybean varieties and plant growth conditions  
Two genetically related soybean lines (LD05-16060 and SD01-76R) were used in this 
experiment. The resistant line (LD05-16060) was developed by crossing Loda with Dowling 
followed by three crosses to SD01-76R [(Dowling x Loda) x SD01-76R (3)], the BC2F2-
derived line that carries the Rag1-resistant allele. The susceptible line (SD01-76R) was 
developed by crossing (Stride x ResnikRR) x Stride and does not contain the Rag1-resistant 
allele. The plants were grown in a growth chamber at a constant temperature of 25°C and 
alternating 16 hrs of light and 8 hrs of darkness. In all experiments, two seeds were planted in 
SB300 Universal growing mix (Sun Gro Horticulture, Vancouver, BC, Canada) in 15 cm 
diameter plastic pots. To enhance root nodulation, the seeds were sprinkled with 
Bradyrhizobium japonicum prior to covering.  Approximately a week after planting, the 
plants in each pot were thinned leaving only a single plant per pot. The plants were watered 
three days per week.   
Experimental Design, set up and treatments 
The experiments were set up in a completely randomized design as the conditions were 
constant inside the chamber. For each treatment, there were three biological replicates and 
three technical replicates giving a total of nine plants per treatment. The aphids used in the 
experiments were from a colony of soybean aphids that were being maintained on SD01-76R 
plants in a separate growth chamber. Experimental plants were infested at V3 growth stage 
by transferring 30 adult wingless aphids on to the V3 leaf, ensuring that each leaflet received 
10 aphids. The aphid-infested plants were then covered with nets (Trimaco LLC, Durham, 
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NC, USA) secured with a rubber band at around the pots to ensure that the aphids did not 
escape. Aphids were left on the infested plants for seven days after which the plants were 
exposed to other treatments. The treatments included external JA application followed by 
aphid infestation, aphid infestation followed by JA application (Aphids:JA) and aphid 
infestation followed by wounding (Aphids:Wound). For JA: A, LD05-16060 and SD01-76R 
plants in V3 stage were sprayed with 1.5 mM JA solution [73] dispersed in water from a 
stock of 1 g of JA per ml of acetone. Negative controls involved plants sprayed with water. 
Another set of controls involved plants neither infested with aphids nor sprayed with water 
nor JA.  A SureShot Atomizer Sprayer (Milwaukee Sprayer, Menomonee Falls, WI, USA) 
was used to spray the entire leaf canopy of the plants starting with the water controls and 
ending with JA sprays. All spraying was done outside of the chamber to reduce on the effects 
of drift to unintended plants. Twenty four hours after JA spraying, the plants were infested 
with aphids as stated above. Seven days after infestation, aphid population numbers were 
determined per plant and leaf samples were collected. These samples were used for fatty acid 
extraction to determine the effect of JA on performance of aphids on resistant and susceptible 
soybean plants.  
Aphids: JA treatments involved growing of SD01-76R plants to V3 stage and infesting them 
with aphids. On the seventh day after infestation, the plants were sprayed with JA as stated 
above and left to stand for 6 hours before leaf samples were collected. The controls for this 
experiment involved aphid infested plants sprayed with water, uninfested plants sprayed with 
JA and uninfested and unsprayed plants. Samples from this experiment were used to 
determine the effect of aphids on plant’s ability to perceive JA by examining the transcription 
of a JA response gene PIN2, using realtime quantitative PCR [qPCR (Applied biosystems)].  
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To determine the effect of aphids on plant response to wounding, we planted SD01-76R 
plants and let them grow to V3 prior to infesting with aphids. After seven days since 
infestation, the third trifoliate of some the infested plants was wounded by crunching the leaf 
lamina between a pair of tweezers. Three points of each of the leaflets were wounded, one 
towards the top across the midrib and on either side of the midrib on the lower half of the 
leaf. The controls here included wounded uninfested plants, unwounded aphid infested plants 
as well as uninfested and unwounded plants. The leaf samples here were collected 6 hours 
after wounding and assayed for expression of PIN2.  
Time course experiment  
Aphid susceptible plants of variety SD01-76R were grown in environmental conditions 
described above in steam sterilized MM900 soil (formerly SB300 Universal Growing Mix, 
Sun Gro Horticulture, Vancouver, BC, Canada).  Two seeds were planted in each pot without 
Bradyrhizobium japonicum and after one week, plants were thinned to one per pot.  The 
plants were watered twice weekly and additionally fertilized once per week with a 1:1 
mixture of all-purpose Scott’s Micacle-Gro Excel (21-5-20, The Scott’s Company LLC, 
Marysville, Ohio, USA) and Cal-Mag Miracle-Gro Professional (15-5-15, The Scott’s Co.) 
applied at a rate of 12.5 mL L
-1
 water. The aphid population used was reared in conditions 
similar to those described above.   
Experiments were arranged in a completely randomized design consisting of seven 
treatments: plants without aphids for 0, 1, 3, and 7 days in addition to plants with aphids for 
1, 3, and 7 days.  Nine plants were used for each treatment, comprised of three biological 
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replicates and three technical replicates.  Experimental plants were randomly chosen and 
moved to a different chamber with the same environmental settings as previously described 
and infested with 30 wingless adult aphids on the V4 trifoliate using a small paintbrush.  
Both experimental and control plants were covered with nets (Trimaco LLC, Durham, NC, 
USA), which were secured by a rubber band on the pot.  Aphids were allowed to feed and 
reproduce on the plants for one, three, or seven days. 
Leaf samples were collected at each time point by clipping off the entire V4 trifoliate of three 
plants within the same treatment and gently rubbing any aphids off by hand.  This technique 
was also used for control plants so to simulate any mechanical damage done by rubbing 
aphids off.  The wounded plants were removed from the chamber after the three trifoliates 
were placed in an aluminum foil packet and immediately frozen with liquid nitrogen.  Each 
sample was ground in liquid nitrogen with a mortar and pestle and stored at -80°C until 
further analyses were run. 
Leaf Sampling and processing 
Leaf sampling for each treatment consisted of harvesting the V3 leaf by cutting it at the base 
of the petiole, wrapping it a labeled aluminum foil sheet and immediately freezing it in liquid 
nitrogen prior to transfer to the laboratory for further analysis. Control plants were harvested 
before the aphid infested samples to avoid cross contamination with aphids. The controls 
were also examined physically prior to harvesting to ensure that there was no random 
infestation by aphids. Aphids on the infested plants were gently removed by hand before 
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such samples were harvested. The harvested leaf samples were then ground in liquid nitrogen 
using a motor and pestle and the powder stored at -80°C until further analyses were run.  
REFERENCES 
1. Howe GA, Lightner J, Browse J, Ryan CA (1996) An octadecanoid pathway mutant (JL5) 
of tomato is compromised in signaling for defense against insect attack. Plant Cell 8: 
2067-2077. 
2. Farmer EE, Ryan CA (1992) Octadecanoid precursors of jasmonic acid activate the 
synthesis of wound-inducible proteinase-inhibitors. Plant Cell 4: 129-134. 
3. Browse J, Howe GA (2008) New weapons and a rapid response against insect attack. Plant 
Physiology 146: 832-838. 
4. Ishiguro S, Kawai-Oda A, Ueda J, Nishida I, Okada K (2001) The DEFECTIVE IN 
ANTHER DEHISCENCE1 gene encodes a novel phospholipase A1 catalyzing the 
initial step of jasmonic acid biosynthesis, which synchronizes pollen maturation, 
anther dehiscence, and flower opening in Arabidopsis. Plant Cell 13: 2191-2209. 
5. Wasternack C (2007) Jasmonates: An update on biosynthesis, signal transduction and 
action in plant stress response, growth and development. Annals of Botany 100: 681-
697. 
6. Sato C, Aikawa K, Sugiyama S, Nabeta K, Masuta C, et al. (2011) Distal Transport of 
Exogenously Applied Jasmonoyl-Isoleucine with Wounding Stress. Plant and Cell 
Physiology 52: 509-517. 
7. Sasaki Y, Asamizu E, Shibata D, Nakamura Y, Kaneko T, et al. (2001) Monitoring of 
methyl jasmonate-responsive genes in Arabidopsis by cDNA macroarray: Self-
activation of jasmonic acid biosynthesis and crosstalk with other phytohormone 
signaling pathways. DNA Research 8: 153-161. 
8. Ryan CA (2000) The systemin signaling pathway: differential activation of plant defensive 
genes. Biochimica Et Biophysica Acta-Protein Structure and Molecular Enzymology 
1477: 112-121. 
9. Constabel CP, Bergey DR, Ryan CA (1995) Systemin activates synthesis of wound-
inducible tomato leaf polyphenol oxidase via the octadecanoid defense signaling 
89 
 
 
 
pathway. Proceedings of the National Academy of Sciences of the United States of 
America 92: 407-411. 
10. Halitschke R, Schittko U, Pohnert G, Boland W, Baldwin IT (2001) Molecular 
interactions between the specialist herbivore Manduca sexta (Lepidoptera, 
Sphingidae) and its natural host Nicotiana attenuata. III. Fatty acid-amino acid 
conjugates in herbivore oral secretions are necessary and sufficient for herbivore-
specific plant responses. Plant Physiology 125: 711-717. 
11. Penaflor MFGV, Erb M, Miranda LA, Werneburg AG, Bento JMS (2011) Herbivore-
Induced Plant Volatiles Can Serve as Host Location Cues for a Generalist and a 
Specialist Egg Parasitoid. Journal of Chemical Ecology 37: 1304-1313. 
12. Kessler A, Halitschke R, Diezel C, Baldwin IT (2006) Priming of plant defense responses 
in nature by airborne signaling between Artemisia tridentata and Nicotiana attenuata. 
Oecologia 148: 280-292. 
13. Ton J, D'Alessandro M, Jourdie V, Jakab G, Karlen D, et al. (2007) Priming by airborne 
signals boosts direct and indirect resistance in maize. Plant Journal 49: 16-26. 
14. Engelberth J, Alborn HT, Schmelz EA, Tumlinson JH (2004) Airborne signals prime 
plants against insect herbivore attack. Proceedings of the National Academy of 
Sciences of the United States of America 101: 1781-1785. 
15. Unsicker SB, Kunert G, Gershenzon J (2009) Protective perfumes: the role of vegetative 
volatiles in plant defense against herbivores. Current Opinion in Plant Biology 12: 
479-485. 
16. Browse J (2009) Jasmonate Passes Muster: A Receptor and Targets for the Defense 
Hormone. Annual Review of Plant Biology 60. 
17. Pauwels L, Goossens A (2011) The JAZ Proteins: A Crucial Interface in the Jasmonate 
Signaling Cascade. Plant Cell 23. 
18. Fonseca S, Chico JM, Solano R (2009) The jasmonate pathway: the ligand, the receptor 
and the core signalling module. Current Opinion in Plant Biology 12. 
19. Howe GA (2010) Ubiquitin Ligase-Coupled Receptors Extend Their Reach to Jasmonate. 
Plant Physiology 154. 
90 
 
 
 
20. Chung HS, Howe GA (2009) A Critical Role for the TIFY Motif in Repression of 
Jasmonate Signaling by a Stabilized Splice Variant of the JASMONATE ZIM-
Domain Protein JAZ10 in Arabidopsis. Plant Cell 21. 
21. Devoto A, Nieto-Rostro M, Xie DX, Ellis C, Harmston R, et al. (2002) COI1 links 
jasmonate signalling and fertility to the SCF ubiquitin-ligase complex in Arabidopsis. 
Plant Journal 32. 
22. Devoto A, Ellis C, Magusin A, Chang HS, Chilcott C, et al. (2005) Expression profiling 
reveals COI1 to be a key regulator of genes involved in wound- and methyl 
jasmonate-induced secondary metabolism, defence, and hormone interactions. Plant 
Molecular Biology 58. 
23. Xu LH, Liu FQ, Lechner E, Genschik P, Crosby WL, et al. (2002) The SCFCOl1 
ubiquitin-ligase complexes are required for jasmonate response in Arabidopsis. Plant 
Cell 14. 
24. Chini A, Fonseca S, Fernandez G, Adie B, Chico JM, et al. (2007) The JAZ family of 
repressors is the missing link in jasmonate signalling. Nature 448. 
25. Thines B, Katsir L, Melotto M, Niu Y, Mandaokar A, et al. (2007) JAZ repressor proteins 
are targets of the SCFCO11 complex during jasmonate signalling. Nature 448. 
26. Song S, Qi T, Huang H, Ren Q, Wu D, et al. (2011) The Jasmonate-ZIM Domain 
Proteins Interact with the R2R3-MYB Transcription Factors MYB21 and MYB24 to 
Affect Jasmonate-Regulated Stamen Development in Arabidopsis. Plant Cell 23. 
27. Seo J-S, Joo J, Kim M-J, Kim Y-K, Nahm BH, et al. (2011) OsbHLH148, a basic helix-
loop-helix protein, interacts with OsJAZ proteins in a jasmonate signaling pathway 
leading to drought tolerance in rice. Plant Journal 65. 
28. Ryan CA (1990) Protease inhibitors in plants - genes for improving defenses against 
insects and pathogens. Annual Review of Phytopathology 28: 425-449. 
29. Koiwa H, Bressan RA, Hasegawa PM (1997) Regulation of protease inhibitors and plant 
defense. Trends in Plant Science 2: 379-384. 
30. Lipke H, Fraenkel GS, Liener IE (1954) Growth inhibitors - effect of soybean inhibitors 
on growth of Tribolium confusum. Journal of Agricultural and Food Chemistry 2. 
31. De Leo F, Volpicella M, Licciulli F, Liuni S, Gallerani R, et al. (2002) Plant PIs: a 
database for plant protease inhibitors and their genes. Nucleic Acids Research 30. 
91 
 
 
 
32. Shukle RH, Murdock LL (1983) Lipoxygenase, trypsin inhibitor, and lectin from 
soybeans - effects on larval growth of Manduca sexta (Lepidoptera, Sphingidae). 
Environmental Entomology 12. 
33. Bryant J, Green TR, Gurusaddaiah I, Ryan CA (1976) Proteinase inhibitor 2 from 
potatoes - isolation and characterization of its protomer components. Biochemistry 
15. 
34. Penacortes H, Sanchezserrano J, Rochasosa M, Willmitzer L (1988) Systemic induction 
of proteinase inhibitor II gene-expression in potato plants by wounding. Planta 174. 
35. Johnson R, Narvaez J, An G, Ryan C (1990) Expression of proteinase inhibitor genes 
from potato and tomato in transgenic plants enhances defense against an insect 
predator. The molecular and cellular biology of the potato. 
36. Klopfenstein NB, Allen KK, Avila FJ, Heuchelin SA, Martinez J, et al. (1997) Proteinase 
inhibitor II gene in transgenic poplar: Chemical and biological assays. Biomass & 
Bioenergy 12. 
37. Azzouz H, Cherqui A, Campan EDM, Rahbe Y, Duport G, et al. (2005) Effects of plant 
protease inhibitors, oryzacystatin I and soybean Bowman-Birk inhibitor, on the aphid 
Macrosiphum euphorbiae (Homoptera, Aphididae) and its parasitoid Aphelinus 
abdominalis (Hymenoptera, Aphelinidae). Journal of Insect Physiology 51. 
38. Girard C, Le Metayer M, Bonade-Bottino M, Pham-Delegue MH, Jouanin L (1998) High 
level of resistance to proteinase inhibitors may be conferred by proteolytic cleavage 
in beetle larvae. Insect Biochemistry and Molecular Biology 28: 229-237. 
39. Brito LO, Lopes AR, Parra JRP, Terra WR, Silva-Filho MC (2001) Adaptation of 
tobacco budworm Heliothis virescens to proteinase inhibitors may be mediated by the 
synthesis of new proteinases. Comparative Biochemistry and Physiology B-
Biochemistry & Molecular Biology 128: 365-375. 
40. Paulillo L, Lopes AR, Cristofoletti PT, Parra JRP, Terra WR, et al. (2000) Changes in 
midgut endopeptidase activity of Spodoptera frugiperda (Lepidoptera : Noctuidae) are 
responsible for adaptation to soybean proteinase inhibitors. Journal of Economic 
Entomology 93: 892-896. 
41. Patankar AG, Giri AP, Harsulkar AM, Sainani MN, Deshpande VV, et al. (2001) 
Complexity in specificities and expression of Helicoverpa armigera gut proteinases 
explains polyphagous nature of the insect pest. Insect Biochemistry and Molecular 
Biology 31: 453-464. 
92 
 
 
 
42. Tjallingii WF, Gabrys B (1999) Anomalous stylet punctures of phloem sieve elements by 
aphids. Entomologia Experimentalis Et Applicata 91: 97-103. 
43. Will T, Tjallingii WF, Thonnessen A, van Bel AJE (2007) Molecular sabotage of plant 
defense by aphid saliva. Proceedings of the National Academy of Sciences of the 
United States of America 104: 10536-10541. 
44. Van Bel AJE (2003) The phloem, a miracle of ingenuity. Plant Cell and Environment 26: 
125-149. 
45. Ellis C, Karafyllidis L, Turner JG (2002) Constitutive activation of jasmonate signaling 
in an Arabidopsis mutant correlates with enhanced resistance to Erysiphe 
cichoracearum, Pseudomonas syringae, and Myzus persicae. Molecular Plant-
Microbe Interactions 15: 1025-1030. 
46. Koornneef A, Leon-Reyes A, Ritsema T, Verhage A, Den Otter FC, et al. (2008) Kinetics 
of salicylate-mediated suppression of jasmonate signaling reveal a role for redox 
modulation. Plant Physiology 147: 1358-1368. 
47. Cipollini D, Enright S, Traw MB, Bergelson J (2004) Salicylic acid inhibits jasmonic 
acid-induced resistance of Arabidopsis thaliana to Spodoptera exigua. Molecular 
Ecology 13: 1643-1653. 
48. Zarate SI, Kempema LA, Walling LL (2007) Silverleaf whitefly induces salicylic acid 
Defenses and suppresses effectual jasmonic acid defenses. Plant Physiology 143: 
866-875. 
49. Cooper WR, Goggin FL (2005) Effects of jasmonate-induced defenses in tomato on the 
potato aphid, Macrosiphum euphorbiae. Entomologia Experimentalis Et Applicata 
115: 107-115. 
50. Studham ME, Macintosh GC (2012) Phytohormone signaling pathway analysis method 
for comparing hormone responses in plant-pest interactions. BMC research notes 5. 
51. Creelman RA, Tierney ML, Mullet JE (1992) Jasmonic acid methyl jasmonate 
accumulate in wounded soybean hypocotyls and modulate wound gene-expression. 
Proceedings of the National Academy of Sciences of the United States of America 
89: 4938-4941. 
52. Bari R, Jones J (2009) Role of plant hormones in plant defence responses. Plant 
Molecular Biology 69: 473-488. 
93 
 
 
 
53. Feussner I, Wasternack C (2002) The lipoxygenase pathway. Annual Review of Plant 
Biology 53: 275-297. 
54. Chehab EW, Perea JV, Gopalan B, Theg S, Dehesh K (2007) Oxylipin pathway in rice 
and Arabidopsis. Journal of Integrative Plant Biology 49: 43-51. 
55. Walling LL (2008) Avoiding effective defenses: Strategies employed by phloem-feeding 
insects. Plant Physiology 146: 859-866. 
56. Moran PJ, Cheng YF, Cassell JL, Thompson GA (2002) Gene expression profiling of 
Arabidopsis thaliana in compatible plant-aphid interactions. Archives of Insect 
Biochemistry and Physiology 51: 182-203. 
57. Vick BA, Zimmerman DC (1984) Biosynthesis of Jasmonic Acid by Several Plant 
Species. Plant Physiology 75: 458-461. 
58. Penacortes H, Sanchezserrano JJ, Mertens R, Willmitzer L, Prat S (1989) Abscisic acid is 
involved in the wound induced expression of the proteinase inhibitor II gene in potato 
and tomato. Proceedings of the National Academy of Sciences of the United States of 
America 86: 9851-9855. 
59. Tooker JF, De Moraes CM (2009) A Gall-Inducing Caterpillar Species Increases 
Essential Fatty Acid Content of Its Host Plant Without Concomitant Increases in 
Phytohormone Levels. Molecular Plant-Microbe Interactions 22: 551-559. 
60. Iverson AL, Iverson LR, Eshita S (2001) The effects of surface-applied jasmonic and 
salicylic acids on caterpillar growth and damage to tomato plants. Ohio Journal of 
Science 101: 90-94. 
61. El-Wakeil NE, Volkmar C, Sallam AA (2010) Jasmonic acid induces resistance to 
economically important insect pests in winter wheat. Pest Management Science 66: 
549-554. 
62. Botella MA, Xu Y, Prabha TN, Zhao Y, Narasimhan ML, et al. (1996) Differential 
expression of soybean cysteine proteinase inhibitor genes during development and in 
response to wounding and methyl jasmonate. Plant Physiology 112: 1201-1210. 
63. Liang C, Brookhart G, Feng GH, Reeck GR, Kramer KJ (1991) Inhibition of digestive 
proteinases of stored grain coleoptera by oryzacystatin, a cysteine proteinase inhibitor 
from rice seed. Febs Letters 278: 139-142. 
64. Abel S, Theologis A (1996) Early genes and auxin action. Plant Physiology 111: 9-17. 
94 
 
 
 
65. Staswick PE, Tiryaki I, Rowe ML (2002) Jasmonate response locus JAR1 and several 
related Arabidopsis genes encode enzymes of the firefly luciferase superfamily that 
show activity on jasmonic, salicylic, and indole-3-acetic acids in an assay for 
adenylation. Plant Cell 14: 1405-1415. 
66. Titarenko E, Rojo E, Leon J, SanchezSerrano JJ (1997) Jasmonic acid-dependent and -
independent signaling pathways control wound-induced gene activation in 
Arabidopsis thaliana. Plant Physiology 115: 817-826. 
67. Vancanneyt G, Sanz C, Farmaki T, Paneque M, Ortego F, et al. (2001) Hydroperoxide 
lyase depletion in transgenic potato plants leads to an increase in aphid performance. 
Proceedings of the National Academy of Sciences of the United States of America 
98: 8139-8144. 
68. Heil M, Ton J (2008) Long-distance signalling in plant defence. Trends in Plant Science 
13: 264-272. 
69. Kost C, Heil M (2008) The defensive role of volatile emission and extrafloral nectar 
secretion for lima bean in nature. Journal of Chemical Ecology 34: 2-13. 
70. Conconi A, Miquel M, Browse JA, Ryan CA (1996) Intracellular levels of free linolenic 
and linoleic acids increase in tomato leaves in response to wounding. Plant 
Physiology 111: 797-803. 
71. Kaloshian I, Walling LL (2005) Hemipterans as plant pathogens. Annual review of 
pytopatholohy. pp. 491-521. 
72. Smith CM, Boyko EV (2007) The molecular bases of plant resistance and defense 
responses to aphid feeding: current status. Entomologia Experimentalis Et Applicata 
122: 1-16. 
73. Thaler JS (1999) Induced resistance in agricultural crops: Effects of jasmonic acid on 
herbivory and yield in tomato plants. Environmental Entomology 28: 30-37. 
 
 
 
  
95 
 
 
 
TABLES AND FIGURES  
Table 1: Expression of JA biosynthesis genes and JAR1 under aphid infestation 
Treatment All genes Biosynthesis genes JAR1 
Susceptible 1DAI 5.62 3.54 15.68 
Susceptible 7DAI 10.43 24.79 0.27 
Resistant 1DAI 0.00 0.00 0.00 
Resistant 7DAI 0.00 0.00 0.00 
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Figure 1: FA composition of susceptible and resistant soybean. A. Mean 16:0 content as a percentage of the 
total extracted in susceptible and resistant soybeans with and without aphids. There was significantly more 16:0 
in aphid infested susceptible and resistant soybean than the controls. B. Mean percent 18:2 content in 
susceptible and resistant soybeans with and without aphids. This was not affected by aphid infestation. C. Mean 
percent 18:3 content in susceptible and resistant soybeans with and without aphids. The susceptible soybean 
infested by aphids had significantly more 18:3 than the uninfested control. The resistant variety was not 
affected. 
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Figure 2: Aphid performance (ratio of aphids on sprayed plants to aphids on unsprayed controls) on 
susceptible and resistant soybean sprayed with JA. The resistant variety sprayed with JA had significantly 
(*) less aphids than the unsprayed control. 
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Figure 3: Effect of aphid infestation on transcription of two JA-dependent wound response genes, PIN2 
and GH3, in susceptible soybean. A. Although wounding of aphid infested soybeans caused increased 
transcription of PIN2, it was significantly less than that induced by wounding uninfested soybeans. B. Similarly, 
wounding of aphid infested soybeans caused increased transcription of GH3 but this was significantly less than 
that induced by wounding uninfested soybeans. C. Spraying aphid infested soybean plants with JA did not 
restore transcription of PIN2 to levels similar to that in JA sprayed uninfested soybean. 
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Figure 4: FA composition of wounded aphid infested susceptible soybean. Mean fatty acid composition as a 
percent of total fatty acids extracted is presented. Significant differences were determined based on LS means. 
A. Percent 16:0 content in aphid infested wounded uninfested and wounded infested soybean. Presence of 
aphids resulted in increased proportion of 16:0 compared to the other treatments. B. Percent 18:2 content in 
aphid infested wounded uninfested and wounded infested soybean. Aphid infestation resulted in reduced 
proportion of 18:2 compared to the controls. C. Percent 18:3 content in aphid infested wounded uninfested and 
wounded infested soybean. Aphid infestation resulted in reduced proportion of 18:3 compared to the controls. 
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Figure 5: Time course analysis of FA composition of aphid infested susceptible soybean. A. Changes in 
percent 16:0 in aphid infested susceptible soybean 1, 3 and 7dai. Aphid infested samples had significantly 
higher 16:0 at the three time points compares to uninfested controls.  B. Changes in percent 18:2 in aphid 
infested susceptible soybean 1, 3 and 7dai. 18:2 content was not significantly affected by aphid infestation at the 
three times points. C. Changes in percent 18:3 in aphid infested susceptible soybean 1, 3 and 7dai. Aphid 
infestation resulted in significantly less 18:3 content in soybean in samples collected 7dai. 
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CHAPTER FOUR 
EFFECT OF SOYBEAN APHIDS (Aphis glycines) ON FATTY ACID COMPOSITION 
OF SOYBEANS WITH LOW SEED LINOLENIC ACID CONTENT 
Charles Kanobe, Michael T. McCarville, Matthew E. O’Neal, Gregory L. Tylka and Gustavo 
C. Macintosh 
A paper prepared for submission to Journal of Crop Protection 
ABSTRACT 
Linolenic acid is important in mediation of plant defense against insects via the jasmonic acid 
pathway. In an earlier experiment, we reported that soybean aphids were capable of altering 
leaf and seed fatty acid composition of commodity soybean. This could be one of the 
strategies through which aphids overcome effective plant defense against insects. Here we 
report on the effects of the soybean aphids on fatty acid composition of low linolenic acid 
soybeans. We show that just like in commodity soybean, the soybean aphids alter the fatty 
acid composition in the leaves and seeds of modified soybeans. In the leaves, palmitic acid 
increases with a corresponding decrease in both linoleic and linolenic acids. The absence of 
functional microsomal omega-3-desaturases in the leaves of low linolenic acid varieties did 
not affect accumulation of linolenic acid nor the response to the soybean aphid. In the seeds, 
aphids caused an increase in stearic and oleic acids and a decrease in linoleic acid. For all 
varieties, seed linolenic acid content was very stable across all treatments indicating that the 
trait is strong enough to protect the premium value of the crop in the event of aphid and 
soybean cyst nematode infestation as well as brown stem rot infection.  
Keywords: Aphis glycines, fatty acids, modified soybeans 
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INTRODUCTION 
Soybean plays an important role in the livelihoods of millions of people worldwide either as 
a direct source of food, a source of energy for animals through animal feeds or most recently 
as biofuel. In the US, soybean is second to corn in terms of value of production, having 
brought in over $37 billion in 2011 alone (NCGA, 2010; Soystats, 2012).  In 2011, soybean 
provided over 60% of all the edible oils and fats in the US while 27 million metric tons of the 
crop were used in animal feeds. For the last 12 years, amount of biodiesel produced from 
soybean has been increasing from 0.9 million gallons in 1999 to 1.07 billion gallons in 2011 
(Soystats, 2012).  
The most important part of the soybean plant is the seed, which contains about 42% protein 
and 23% oil (Bils and Howell, 1963). The oil contains a relatively high proportion of 
polyunsaturated fatty acids (PUFA) i.e. linoleic acid (18:2; 52%) and linolenic acid (18:3; 
8%) (Biswas et al., 2006; Fehr, 2007). Due to presence of multiple double bonds in their 
chemical structures, PUFA are highly unstable and are easily oxidized, which affects the 
shelf life of soybean oil as well as flavor (Laubli and Bruttel, 1987). The traditional process 
of reducing the proportion of PUFA in soybean oil involves the use of chemical 
hydrogenation. While this process results in improvement of shelf life and flavor of soybean 
oil, it also results in accumulation of trans-fatty acids that, together with other saturated fatty 
acids such as palmitic acid (16:0; 11%), have been associated with increased coronary heart 
disease risk in humans (An et al., 1998; DHHS and USDA, 2005; Mondal and Lalvani, 
2007).  
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In order to increase the usability and versatility of soybeans, breeders have developed 
specialty soybean varieties with modified fatty acid compositions (Stoltzfus et al., 2000; 
Bilyeu et al., 2006; Fehr, 2007; Lee et al., 2007). New soybean lines with high seed oleic 
acid (18:1) content and 18:3 levels as low as 3% and 1% have been developed through ethyl 
methanesulfonate (EMS) mediated mutagenesis targeting genes in the microsomal fatty acid 
desaturation pathway in soybean seeds (Bilyeu et al., 2003; Chappell and Bilyeu, 2006; Fehr, 
2007; Sandhu et al., 2007). In soybean, there are three different microsomal omega-3 
desaturases i.e. GmFAD3A, GmFAD3B, andGmFAD3C, that contribute to seed linolenic acid 
levels (Bilyeu et al., 2003). These genes have been the target for mutations to reduce the seed 
linolenic acid content. The new soybean varieties with low seed linolenic acid are desirable 
because they produce oil that is oxidatively stable and has better shelf life. These varieties 
reduce the cost of producing soybean oil for the industrial processors while alleviating the 
risk of trans-fats in foods prepared from soybean oil since there is no need for hydrogenation. 
There are also lines that have been developed with reduced 16:0 content (Stoltzfus et al., 
2000; Fehr, 2007), which are desirable because of the reduced negative effects on coronary 
health (Henderson, 1991). 
Farmers contracted to grow the specialty soybeans earn a premium price above that of 
commodity soybeans as long as the seed fatty acid composition is close to the contracted 
level. However, soybean fatty acid composition has been reported to vary with environmental 
conditions and also biotic factors. In an experiment to determine the effect of drought and air 
temperature on fatty acid composition of soybean seed, Dornbos and Mullen (1992) reported 
that the quantity of seed PUFA content was affected by air temperature but not drought, 
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while Wolf et al. (1982) reported that both 18:2 and 18:3 levels are reduced with increasing 
temperature. In a previous study, we found that infestation of commodity soybean with 
soybean aphids (SBA) resulted in reduction in 18:3 with a corresponding increase in 16:0 in 
the leaves and 18:0 and 18:1 in the seed. However, there is not much information available 
about the impact of SBA on fatty acid composition of specialty soybeans. This is not only 
important because farmers get a premium for these varieties but also because PUFA 
especially 18:3 is important in plant response to both abiotic and biotic stress (Vancanneyt et 
al., 2001; Wasternack, 2007; Upchurch, 2008).  
For instance, upon plant tissue damage by herbivores or mechanical wounding, there is 
release of 18:3 from membrane lipids that is fed into thee octadecanoid pathway leading to 
formation of jasmonic acid (JA) and the subsequent induction of plant defense genes 
(McConn et al., 1997; Howe, 2004; Shah, 2005; Smith and Boyko, 2007; Bari and Jones, 
2009). The 18:3 could also be used in the hydroperoxide lyase pathway to produce green leaf 
volatiles that are important in plant-to-plant communication and attraction of parasitoids and 
predators of pests as well as repelling the attacking herbivores (Matsui et al., 1996; Unsicker 
et al., 2009).  
Soybean growers in the US are faced by a number of production challenges including pests 
and diseases. Among the predominant pests are the SBA and the soybean cyst nematodes 
[Heterodera glycines (SCN)], while Phialophora gregata that causes brown stem rot (BSR) 
is also a common pathogen. The soybean aphid is a new invasive pest that was first 
discovered in the US in 2000 (Venette and Ragsdale, 2004). Yield loss due to SBA 
infestation can go up to 40% if left unchecked (Beckendorf et al., 2008) and this stems from 
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the SBA feeding directly on plant assimilates from the phloem, vectoring of plant viruses and 
promotion of sooty mold growth that interferes with photosynthesis (Hill et al., 2009). While 
resistance has been introgressed into commercial varieties which have been made available to 
farmers (Ragsdale et al., 2011) their effectiveness in management of SBA and the durability 
of resistance are subject to discussion as more SBA biotypes are being discovered and none 
of the resistant lines seems to be resistant to all the biotypes (Kim et al., 2008; Hill et al., 
2010). As such, the use of insecticide prays appears to be the most feasible and effective 
alternative to control soybean aphids.  
Given the importance of PUFA in plant response to stresses especially herbivory and the fact 
that some specialty soybeans were developed targeting reduced PUFA, we set out to 
determine the effects SBA would have on fatty acid composition of the leaves and seeds of 
low linolenic acid soybean as these may have a direct impact on plant defense. We also 
wanted to understand whether there is interaction between the chloroplast fatty acid 
desaturation pathway and the microsomal pathway during the soybean-SBA interaction as 
well as distinguish aphid specific responses from general defense responses by including 
SCN and BSR in the experiments.  
RESULTS 
SBA effects on fatty acid composition in leaves of soybeans with reduced seed linolenic 
acid content 
In the leaves, the main effects of treatment, year and variety significantly (P<0.05) affected 
the composition of at least one fatty acid. Treatments significantly affected the composition 
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of 16:0 (P<0.001), 18:2 (P=0.026) and 18:3 (P=0.001) in the leaves. However, since there 
were significant treatment by year interaction effects on 16:0 and 18:2, those are discussed in 
a different section. For 18:3, when the SBA were present on the plants through the season 
without control i.e. SBA unlimited (SBA:Unl) and when all the three pests were together in 
combination (SBA:SCN:BSR), its content was significantly reduced when compared to the 
control (Figure 1A). The SBA:250 treatment that represents the farmers’ practice of spraying 
SBA infested plants with insecticide at economic threshold of 250 aphids per plant did not 
differ from the control indicating that for 18:3 content, the farmers practice is effective in 
averting effects of SBA infestation in leaves of susceptible plants. Similarly, lone infestation 
of soybean plants by SCN or BSR did not affect accumulation of 18:3 in the leaves (Figure 
1A) as mean content was not different from the control. Since SCN and BSR did not singly 
affect 18:3 content, the reduction observed in the three-treatment combination is likely to be 
largely due to SBA.  
The variety main effect (independent of presence of pests) only affected composition of 18:2 
content in leaves of modified soybean (Supplementary Table 1). The 3% variety had 
significantly lower 18:2 compared to the 1% variety (Figure 1B). On the other hand, the year 
main effect significantly affected accumulation of 18:0 (P<0.001) as well as 18:3 (P=0.006) 
(Supplementary Table 1). The soybean foliar content of 18:0 was higher in 2009 compared to 
2008 while for 18:3, we observed a higher level in 2008 compared to 2009 (Figure 1C).  
We observed significant treatment by year interaction effects on accumulation of 16:0 
(P=0.002) and 18:2 (P=0.033) in the leaves of modified soybeans (Supplementary Table 1). 
For 16:0, there was significantly more accumulation in 2009 in the SBA:Unl and 
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SBA:SCN:BSR treatment combinations compared to 2008 (Figure 2A). These two 
treatments also had significantly more 16:0 compared to the control, SBA:250 and SCN and 
BSR single treatments in 2009 while in 2008, there were no with-in year treatment 
differences. On the other hand, the SBA:Unl and SBA:SCN:BSR treatments had significantly 
higher 18:2 in 2008 compared with 2009 (Figure 2B) but these were not different from 
control, SBA:250, SCN and BSR individual treatments. In 2009 however, there was 
significant within-year differences where the SBA:Unl and SBA:SCN:BSR treatments 
registered lower 18:0 than the control and individual treatments of SBA:250, SCN and BSR 
(Figure 2B).  
SBA effects of fatty acid composition in seeds of soybeans with modified seed linolenic 
acid content 
In the seed, there were more dramatic changes than were observed in the leaves of the 
modified soybeans. The treatment main effect affected 18:0, 18:1 and 18:2 composition, 
variety main effect affected 16:0, 18:0, 18:2 and 18:3 content, while year main effect affected 
all five fatty acids focused on in this study. There were also significant interaction effects 
including treatment by variety, treatment by year and variety by year (Supplementary Table 
2).  
In the seeds, there were significant treatment by variety interaction effects on composition of 
18:0, 8:1, 18:2 and 18:3. Generally, the 1% variety accumulated more 18:0 across all 
treatments than the 3% variety but it was in the control, SBA:250, BSR, SBA:Unl and 
SBA:SCN:BSR treatments that the difference between the varieties was significant. Within 
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the varieties across all treatments, the SBA:Unl and SBA:SCN:BSR treatments registered 
significantly higher 18:0 compared to the control and the other individual treatments (Figure 
3A). For 18:1, the 3% variety accumulated more of this fatty acid in the control, SBA:250, 
SCN, and SBA:SCN:BSR treatments than the 1% variety. However, it was only in SBA:250 
and SCN treatments that the difference between the 18:1 content of these varieties differed 
significantly. Within the varieties, the SBA:Unl and SBA:SCN:BSR treatments resulted in 
more 18:1 in the 1% variety while in the 3% variety, it was only the SBA:SCN:BSR 
treatment that had significant accumulation of the fatty acid than the control (Figure 3B). We 
also observed treatment by variety interaction effects on accumulation of 18:2 in modified 
soybean seed. The 1% variety had a greater proportion of 18:2 in the control, SBA:250 and 
SCN treatments compared to the control. In both varieties, the SBA:SCN:BSR treatment had 
a significant reduction in 18:2 content compared to the single treatments while the SBA:Unl 
treatment resulted in significantly lowered proportion of 18:2 in only the 1% variety (Figure 
3C). For 18:3 content, the 3% variety had more of the fatty acid than the 1% variety in all the 
treatments, as expected. Unlike what was observed with the other fatty acids, there were no 
within-variety treatment differences for any of the varieties for 18:3 (Figure 3D). 
 Besides the treatment by variety interaction, we observed treatment by year interaction 
effects on 18:0 content in soybean seed. In 2009, we observed significantly higher 18:0 
content in all the treatments except the control when compared with 2008. In addition, it was 
only in 2009 that the SBA:Unl and SBA:SCN:BSR treatment combinations resulted in 
significantly higher 18:0 compared to the control and the individual treatments (Figure 4).  
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In the seed, there was also significant variety by year interaction effects in the accumulation 
of all the target fatty acids except 18:1. Overall, the 1% variety had higher proportion of 
16:0, 18:0 and 18:2 while the 3% variety had higher content of 18:3, as would be expected. 
The 1% variety had significantly higher 16:0 content in 2009, 18:0 content in 2008 and 2009 
and 18:2 content in 2008 compared to the 3% variety. On the other hand, the 3% variety had 
greater proportion of 18:3 in both 2008 and 2009 compared to the 1%  variety (Table 1).  
DISCUSSION  
Fatty acids are a major component of membranes, where they play a role in membrane 
fluidity and, most importantly, they are involved in mediation of plant defense against 
pathogens and pests (Heldt, 2005; Kachroo and Kachroo, 2009). While fatty-acid-mediated 
defenses have been described as effective against insect pests, it is also becoming increasing 
clear that some specialized pests such as aphids have evolved ways to overcome such 
defenses. In addition, the increasing need for healthier food alternatives has resulted in 
breeding and deployment of new crop varieties with novel attributes that were not initially 
available in conventional varieties. For soybean, the drive has been focused on reduction of 
polyunsaturated fatty acids, specifically linolenic acid, and saturated fatty acids such as 
palmitic acid, with a corresponding increase in oleic acid (Stoltzfus et al., 2000; Fehr, 2007; 
Sandhu et al., 2007). The reaction of these new varieties to specialized pests such as the SBA 
has not been fully investigated. In this paper, we examined the effect of SBA infestation 
singly or together with SCN and BSR, other common pathogens of soybean, on fatty acid 
composition in leaves and seeds of soybeans with reduced seed linolenic acid content.  
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It was clear that SBA infestation affects the accumulation of different fatty acids in the low–
linolenic-acid soybeans. In the leaves, there was a 20.5-27% reduction in linolenic acid in the 
SBA:Unl and SBA:SCN:BSR treatments. This was similar to what we observed when 
regular commodity soybeans were challenged by the same pests (See Chapter 2). While fatty 
acid changes in soybean leaves may not be important in determining value of the final 
product, they would be important to farmers from a plant protection perspective. Under 
normal plant response to insect attack, it would be expected that polyunsaturated fatty acids 
increase to promote the action of the octadecanoid pathway that produces JA with a 
concomitant induction of defense genes (Penacortes et al., 1993; Tooker and De Moraes, 
2009). The lowered proportion of linoleic and linolenic acids that occurs only in presence of 
uncontrolled aphids could benefit aphids by reducing the amount of precursors that feed into 
the octadecanoid pathway, thereby limiting the induction of plant defenses against insects. In 
a related experiment (See Chapter three), we reported that SBA infested plants showed a 
reduced transcription of JA-mediated wound response genes compared to the control. Taken 
together, these observations fit into the hypothesis that aphids may hijacking the plant fatty 
acid metabolism as a meaning to impair the plants’ ability to respond to insect attack 
enabling them to survive on the susceptible plants.  
Variety as a main effect affected accumulation of 18:2. The 3% variety had reduced levels of 
the fatty acid compared to the 1% 18:3 variety. This would be expected since the two 
varieties differ genetically in terms of presence of desaturase enzymes that reduce 18:2 to 
18:3. Soybean has three omega-3-desaturases that are responsible for desaturation of linoleic 
acid to linolenic acid i.e. GmFAD3A, GmFAD3B and GmFAD3C (Bilyeu et al., 2003). While 
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these are most active in the microsomal pathway in the seed, they were also found to be 
transcriptionally active in the leaves too (Supplementary Figure 1).  The presence of 
transcriptionally active GmFAD3A and GmFAD3B in the 3% variety should have contributed 
to desaturation of more 18:2 to 18:3 compared to the 1% variety that lacked all but 
GmFAD3C.  Although the 1% 18:3 variety showed presence of GmFAD3C, genetic analysis 
had earlier revealed a single point mutation (Bilyeu et al., 2005) in the gene which could 
potentially make the protein inactive.  
In this study, we found that year main effect influences accumulation of 18:0 and 18:3. This 
could have been an effect of differences in environmental factors across the two seasons of 
experimentation. Environmental factors including temperature, year, planting date, among 
others, have been reported to influence oil composition in soybean seed (Primomo et al., 
2002; Oliva et al., 2006). Since the processes of de novo fatty acid biosynthesis and 
desaturation occur in the leaves too, factors altering composition in the seed are likely to do 
the same in the leaves. We also observed effects of treatment by year interaction on 16:0 and 
18:2 content in soybean leaves. Taking treatments within individual years, plants with 
uncontrolled SBA infestations had higher amounts of 16:0 than the control, this being 
significant in 2009 but not 2008. While the difference observed across the years could be 
attributed to differences in environmental conditions across the seasons, it is important to 
note that in 2009, we observed a greater mean number of aphids per plant compared to 2008 
(McCarville et al., 2011). For 18:3 on the other hand, we observed higher levels in 2008 than 
in 2009 but the difference was only significant in the uncontrolled SBA infestations. 
However, we also observed that for 2009, these same treatments had significantly lower 18:3 
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than the control. The negative association of 16:0 content with 18:3 content could point to a 
possibility that as SBA block the conversion of monosaturated fatty acids to PUFA while the 
increase in 16:0 might be a consequence of stoppage of the metabolic flux.  In the seeds of 
the low seed linolenic acid varieties, there was significant treatment by variety interactions 
where the 1% variety generally had higher 18:0 and 18:2 while the 3% variety had higher 
18:1 and 18:3 content. Irrespective of the varieties, the SBA:Unl and SBA:SCN:BSR 
treatments had higher 18:0 and 18:1 and lower 18:2 than the control. Since these changes are 
only observed when we have uncontrolled aphids, they are most likely aphid specific effects. 
For seed 18:3 content, the 3% variety had more of the fatty acid across all treatments as 
expected due to genetic differences in desaturation enzymes (Supplementary figure1). The 
lack of treatment effects on 18:3 content in both varieties indicates that low seed linolenic 
acid varieties are very stable compared to commodity soybeans and hence, if grown by 
farmers, these biological stresses will not affect the anticipated quality very much. The SBA 
effects are at the level of FAD2 and FAD6 since we see effects on 18:2 content and not 18:3 
in these varieties. 
CONCLUSION 
In this paper, we have been able to show that SBA infestation alters fatty acid composition of 
the leaves and seeds of low seed linolenic acid soybean varieties just as it was previously 
shown for commodity soybean. While we observed some effects due to the other pathogens 
(SCN and BSR), the most significant changes occurred whenever there was uncontrolled 
SBA colonization, indicating that the main effects were most likely SBA specific. Although 
the microsomal desaturase genes are transcriptionally active in soybean leaves, their 
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contribution to foliar fatty acid content is minimal since their absence in the low linolenic 
acid lines did not affect foliar fatty acid content. The 18:3 content of low linolenic acid 
varieties was more stable in the face of biotic stresses compared to regular soybean varieties. 
This will ensure that farmers growing these premium soybean varieties get the anticipated 
value from their crops. Lastly, just as we observed in the commodity soybeans, SBA 
infestation is associated with an increase in foliar 16:0 content. The role of this fatty acid in 
SBA-soybean interaction is not clear and it is an area that will need further investigation. 
MATERIALS AND METHODS 
Experimental set up and design 
The experiment was conducted during 2008 and 2009 at the Iowa State University 
Horticulture Research Station north of Ames, in Story Co. Iowa. A detailed description of the 
field experiment is reported in McCarville et al. (2011). Briefly, soybean was planted in 28 
by 51 cm micro-plots kept 152 cm apart in six blocks. While there was a total of six 
commercial soybean varieties in the experiment, a subset of three varieties i.e. IA3028, 
IA3041and AG 2821V were used in the results presented here. The first two varieties have 
1% seed linolenic acid content and are hence referred to in this paper as 1% variety while the 
last one has 3% seed linolenic acid content and is referred to as 3% variety. The treatments 
included two soybean aphid treatments, “SBA: unl”, for soybean aphid unlimited, where the 
aphid population was left to develop to densities well exceeding 1,000 aphids per plant, and 
“SBA: 250”, where the population was left to grow to 250 aphids per plant and then sprayed 
with lambda-cyhalothrin (Warrior with Zeon Technology, Syngenta Crop Protection, 
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Greensboro, NC) as recommended to farmers for soybean aphid management (Ragsdale et 
al., 2007).  In both treatments, five aphids were placed on a single plant to start an 
infestation.  Once the population on the initial plant reached 50 aphids, infested leaves 
containing 50 aphids, were clipped to all other plants in the cage.  In the third treatment 
“SCN”, soybean plants were infected with Heterodera glycines by applying eggs suspended 
in 50 ml of water over the soybean seed at planting.  In the fourth treatment “BSR”, the soil 
was infested with Cadophora gregata by mixing 40g of BSR-infested sorghum seed 
throughout the plot prior to planting, and a combined treatment consisting of the combination 
of SBA: unlimited, SCN, and BSR treatments.  An estimate of aphid density was taken twice 
a week until populations reached 1,000 on the primary plant in the SBA: unlimited treatment, 
after which aphid densities were estimated once a week until populations declined for two 
consecutive weeks. The density of SCN eggs per 100cc of soil was determined at the end of 
the growing season by taking six soil core samples per plot.  The severity of BSR disease was 
evaluated at the end of season by splitting stems lengthwise and counting the number of 
nodes exhibiting discolored pith tissue typical of BSR. 
Leaf and seed collection 
Leaf samples were collected six weeks after aphid infestation when aphid populations were 
peaking inside the cages. By this time, the plants were at R4-R5 growth stage and we 
harvested the youngest fully expanded leaf for fatty acid extraction.  Upon harvesting a 
selected leaf, aphids were wiped off by hand and then the leaf was wrapped into a piece of 
aluminum foil, numbered and immediately frozen in liquid nitrogen. After harvesting, the 
samples were transferred onto dry ice for transportation to the laboratory. In the laboratory, 
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the samples were stored at -80°C until further processing. Seed samples were taken at 
physiological maturity, by drawing samples from each plot for fatty acid analysis.  
Fatty acid extraction and analysis 
Leaf samples were ground using a motor and pestle in liquid nitrogen prior to fatty acid 
extraction. Fatty acid extraction was based on a general method described by (Hammond and 
Fehr, 1982; Hammond, 1991) with a few modifications. Briefly, 200 mg of ground leaf tissue 
or seed were weighed into a 10 ml glass tube and lipids extracted overnight using 1 ml of 
hexane. Then 200 µl of the oil-hexane mixture was drawn out of the tube into a GC vial. 
Fatty acid transmethylation was done by addition of 500 µl of sodium methoxide into the 
glass vial and incubation for two hours. 150 µl of water was added to the vial to stop the 
reaction and more hexane was added to the neck of the vial. The samples were then run on a 
GC with flame ionization detection (FID). The GLE-64 reference standards were used in the 
analysis (Nu-Check-Prep Inc. Elysian, Minnesota, 56028). Fatty acid content was then given 
as a percent of the total extracted.  
Statistical analysis 
Data generated were analyzed using analysis of variance (ANOVA) (Genstat, VSN 
international Ltd 2000; PROC GLM; SAS Institute 2001) and the means per treatment 
separated using least significant differences (LSD) at a 5% level of significance. The 
following simple linear model was used as a basis for analysis; Yijk = 
  +Ti+Vj+Pk+(T
*
V)ij+(T
*
P)ik+(V
*
P)jk+(T
*
V
*
P)ijk+ Eijk, where, Yijk is the fatty acid content 
due to the i
th
 treatment on the j
th
 variety in the k
th
 year;    is the mean; T is the main effect 
due to the i
th
 treatment; V is the main effect due to the j
th
 variety; P is the main effect due to 
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the k
th
 year; (T
*
V) is the interaction effect of the i
th
 treatment by the j
th
 variety; (T
*
P) is the 
interaction effect of the i
th
 treatment by the k
th
 year; (V
*
P) is the interaction effect due to the 
j
th
 variety by the k
th
 year; (T
*
V
*
P) is the interaction effect due to the i
th
 treatment by the j
th
 
variety by the k
th
 year and E is the error term due to the i
th
 treatment on the j
th
 variety in the 
k
th
 year.  
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TABLES AND FIGURES 
Table1: Effect of variety by year interaction on 16:0, 18:0, 18:2 and 18:3 composition of 
soybean seed
ab
 
 
Variety 
% 16:0 %18:0 % 18:2 %18:3 
2008 2009 2008 2009 2008 2009 2008 2009 
1% 18:3  10.4 9.9 4.2 5 62.3 60.2 1.6 1.5 
3% 18:3 10.5 9.2 3.9 4.3 60.3 59.8 3.4 3 
a
1% 18:3 represents average of the two ultra-low linoleic acid varieties IA3041 and IA3028 while 3% 18:3 
represents AG 2821V with 3% seed linolenic acid content. 
b
Means of varieties in every year are presented, grouped for all treatments  
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Figure 1: Effects of treatment, variety and year on fatty acid composition in leaves of modified soybeans. 
A. SBA infestation resulted in reduction in 18:3 content compared to the control. Mean 18:3 content is 
presented per treatment for all varieties and years combined. B. The 3% 18:3 variety had significantly lower 
18:2 compared to 1% 18:3 variety. Mean per variety were grouped for all treatments and years. C: 2009 
registered higher 18:0 content and lower 18:3 content compared to 2008. Means per year were grouped for all 
varieties and treatments combined. Significant differences for all data were determined based on LS means. 
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Figure 2: Treatment by year interaction effects on composition of 16:0 and 18:2 in leaves of modified 
soybean. Figures represent means per treatment combined for both varieties in every year. Significant 
differences (*) between years for a given treatment were determined using LS means. A: There was more 
16:0 in SBA:Unl and SBA:SCN:BSR  in 2009 than 2008 while the same treatments had significantly higher 
16:0 than the control in 2009. B: 2008 registered higher 18:2 in SBA:Unl and SBA:SCN:BSR than 2009 but in 
2008 the same treatments had less of 18:2 than the control. 
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Figure 3: Fatty acid means for treatment by variety effects on seed content of 18:0, 18:1, 18:2 and 18:3. 
The asterisk above a bar indicates significant differences between varieties for that treatment. Significant 
differences were based on LS means. A: There was more 18:1 in 1% 18:3 varieties (IA3041 and IA3028) across 
all treatments while the treatments with uncontrolled SBA had greater proportion of the fatty acid in both 
varieties than the control. B: 3% 18:3 (AG 2821V) had more 18:1 in all treatments but SBA:Unl. C: While the 
1% 18:3 variety had greater 18:2 content, both varieties had significantly less of the fatty acid than the control. 
D: 3% 18:3 variety had more 18:3 than 1% 18:3 but there were no treatment differences within any of the 
varieties.  
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Figure 4: Treatment by year interaction effects on seed 18:0 content. Means are presented for each 
treatment in every year grouped by both varieties. Significant differences (*) between years for a 
treatment were determined by LS means. The year 2009 resulted in more 18:0 compared to 2008 for all 
treatments and in the same year, SBA:Unl and SBA:SCN:BSR treatments had greater 18:0 than the control 
 
SUPPLEMENTAL MATERIALS 
Supplemental Table 1: F-probabilities for effects of variety and treatments on fatty acid 
levels of modified soybean leaves in 2008 and 2009 
Source DF 16:0 18:0 18:1 18:2 18:3 
Variety 1 0.765 0.751 0.894 0.011 0.105 
Treatment 5 <0.001 0.439 0.893 0.026 0.001 
Year 1 <0.001 <0.001 0.151 <0.001 0.006 
Treatment*variety 5 0.881 0.402 0.837 0.102 0.739 
Treatment*Year 5 0.002 0.934 0.899 0.033 0.184 
Variety*Year 1 0.882 0.423 0.971 0.098 0.255 
Treatment*Variety*Year 5 0.999 0.623 0.54 0.079 0.39 
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Supplemental table 2: F-probabilities for effects of variety and treatments on fatty acid 
levels of modified soybean seeds in 2008 and 2009 
Source  DF 16:0  18:0 18:1  18:2 18:3 
Treatment 5 0.866 <0.001 <0.001 <0.001 0.154 
Variety 1 <0.001 <0.001 0.143 <0.001 <0.001 
Year 1 <0.001 <0.001 <0.001 <0.001 <0.001 
Treatment*variety 5 0.921 0.024 0.032 0.036 0.008 
Treatment*Year 5 0.433 <0.001 0.416 0.233 0.194 
Variety*Year 1 <0.001 <0.001 0.397 <0.001 0.001 
Treatment*Variety*Year 5 0.573 0.066 0.311 0.168 0.232 
 
 
 
Supplemental Figure 1: Transcriptional expression of omega-3- desaturases in soybean leaves. The 1% 
18:3 varieties had no transcriptional expression of GmFAD3A amd GmFAD3B while 3% 18:3 variety had no 
expression of GmFAD3C. 
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CHAPTER FIVE 
GENERAL DISCUSSION AND CONCLUSIONS 
Since its first report in the United States in 2000 (Venette and Ragsdale, 2004), the soybean 
aphid (SBA) has become the major arthropod pest of soybean in the Midwest. Despite the 
enormous amount of research that has gone into studying SBA-soybean interaction, the 
molecular mechanisms underlying this system are still not very well understood. It has been 
hypothesized that aphids can overcome effective plant defenses against insects (Ellis et al., 
2002; Cooper and Goggin, 2005) but the mechanism under which this happens is still not 
well elucidated. Plant defense against insects is mediated by jasmonic acid (JA) via the 
octadecanoid pathway (Farmer and Ryan, 1992; Liechti and Farmer, 2002; Browse and 
Howe, 2008). Given the role of fatty acids especially linolenic acid in JA mediated plant 
defenses against insects; this research was designed with the main objective of determining 
the effect of SBA infestation on fatty acid profile of soybean leaves and seeds. By shedding 
light on polyunsaturated acid (PUFA) changes in soybean under aphid infestation, we hoped 
to gain some insights into the means by which SBA may overcome effective plant defenses 
against insects. We examined both regular 7% seed linolenic acid commodity soybeans and 
low linolenic acid soybeans since there is an increasing interest in development and 
consumption of more healthy oils and since the target is to reduce the PUFA, we anticipated 
this change to affect the plant’s interaction with insect pests. We also included two other 
major pathogens of soybean i.e. soybean cyst nematode (SCN) and brown stem rot (BSR) so 
as to discern aphid specific effects from general effects of soybean response to biotic stress.  
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We have demonstrated that indeed the SBA can alter the fatty acid composition of soybean 
not only in the leaves but also in the seed. While attack by other insect pests may result into 
increase in PUFA in plants (Tooker and De Moraes, 2009), the SBA caused significant 
reduction in these fatty acids in the leaves and seeds of soybean. By reducing the amount of 
PUFA available, the SBA can potentially affect the process by which the plants institute JA-
mediated defenses, by limiting the amount of precursors available to feed into the 
octadecanoid pathway. While this may be helping the aphids, it could also compromise the 
plants’ ability to respond to other arthropod pests, making the plant even more susceptible. 
Aphid hijacking of plant metabolic processes has been reported before (Sandström et al., 
2000; Chiozza et al., 2010), and in these two cases it was amino acid composition changes to 
improve the plants’ nutritional composition. While any role of the elevated palmitic acid the 
leaves of soybean is not known, we hypothesize that the drop in linolenic acid and linoleic 
acid is aimed at disabling the plants’ effective defense mechanism against insect attack . This 
hypothesis is supported by additional results that we provide where soybean plants infested 
by the aphids showed reduced transcription profiles of JA mediated wound response genes 
PIN2 and GH3.  
While changes in foliar fatty acid composition are most likely to affect plant response to 
insects, changes in seed fatty acid composition would affect health appeal of the oil and for 
the low linolenic acid varieties; it would also reduce the premium earned by the farmer. 
Although there were significant changes in PUFA in the seeds of both commodity and low 
linolenic soybean infested by aphids, the changes seemed not too large to seriously impact 
the economic value of the product. The seed linolenic acid percentage of low linolenic acid 
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varieties also seemed to be very stable in presence of the SBA, SCN and BSR indicating that 
the mutations used to develop these lines can protect the farmers from losing the premium 
value of the crop in the event of biotic stresses in the field. Although we observed changes in 
fatty acid composition in soybean with SBA, SCN and BSR, it was only when we had SBA 
uncontrolled or a combination of all the three that there were significant differences from the 
controls. Lastly, although the microsomal fatty acid desaturases are transcriptionally active in 
the leaves of soybean, their contribution to leaf fatty acid content is minimal. The foliar fatty 
acid composition of the low linolenic acid lines was not very different from that of 
commodity soybeans.  
Despite all the information generated from the studies implicating the SBA’s potential to 
alter plant metabolism to enhance its survival, there are also questions that arose and need 
further investigation. For example, SBA infestation resulted in an increase in the amount of 
palmitic acid the soybean leaves. The role of palmitic acid in this interaction needs further 
examination as no information is available to this effect. This could be done by using 
varieties with inherently low palmitic acid content and examining performance of aphids as 
well as fatty acid composition. While we propose potential points of interference in fatty acid 
biosynthesis and desaturation by SBA in soybean leaves and seeds, these were not tested and 
confirmed in this research. An activity assay for soybean FAD2, FAD6 and FAB1 enzymes 
in aphid infested versus non-infested controls would aid in confirming these as points of 
interference.  
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